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PREFACE 


During the last thirty years a large number of troubles con¬ 
nection with electrical machinery have come to th^otice of the 
, author, and in some cases he has been puzzled to find out what 
was wro ng. ihought that if the experience gained during these 
years can be recorded in some kind of logical order, so as to be easily 
available to engineers when dealing with similar troubles, the record 
will not be without interest, and in some cases will throw light upon 
a difficulty. It is ^impossible for the author to deal with all the 
troubles tha^ can occurliuiljaiamoS The accidents that can happe^ 
and the mistakes that can be made are so diverse and numerous, 
and the ways in which a defect in the machine cai^hide itself are 
so perplexing, that one can only hope to deal with a small percentage 
of tne troubles and to indicate the general methods of attacking 
l^roblems of the kind.** It is hoped that readers who have^fouad other 
.troubles* methods of diagnosis, and ways of curing defects, th§t 
are not given in this bofek, will communicate them t».the author, 
so that a future edition of this book may be of greater service tatij 
electrical industry.. It is only by the co-operation of a largg 'jjjmbef 
of djmamo testers, erectors, designers, and troijble*«^ineers that a 
really good collection of diseases and cures can be compiled. 

. These co-workers will agree in the follo\®t^ advice to* all in- 
yestigators of troubles in dynamos : 

First find out the facts; see the thing yourself; Wt your eon- 
elusions be drawn from ascertained data anjj**ae>t frCilatupposition. 
After the facts have been clearly stated and the necessary conclusions 
drawn, a happening that was very elusive in the ftlling may be ves^ 
simple in the seeing. 

** ^e investigator’s.difficulty often.^snses irom ws negiectu^ to.-, 
take j^measurenipnt which is the key gf the situation. For t£is 



vi PEEFACl 

.reason It is a gpod’plan to make a li«t of all the possible cai^-df 
tKe trouble in question, looked at j^ely from a theoretical poini 
of view. Each possible causq when written down will su^st 
measurements th^t might be taken to investigate it; and a broa<i! 
view of possible explanations leads us aiW&y from the narrow track 
»of though into which a preconceked opinion has led us. Sometimes 
a theoretically possible cause of trouble, written down more in 
•fairness to a complete statement than from its own inherent pro* 
babiUty, may point to an omission in our data which, when rectified, 
makes everything clear. ^ 

The Author wishes to 'aclmowledge the assistance he has received 
from the mar^y testing and erecting engineers with whom he has 
worked. He wishes to thank Mr. David Isaacs fo]> his careful 
reading of the proofs and the preparation of.tl)e.Tnde5,^and also 
the Editor of the Electrician for permission to «se Fig. 302 , p. 361 , 
‘'Connections of Double Brush for Automatic Adjustment of 
Commutating Pole.” 

Makohestdb, June 1921. 
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Adjfttment of 332. 

Air, amount ne^aaary to set rid of hont. i>’i. 
oalorimetry, 105. 

cooling, m^suFcd to give Ioh.«ic's (»n loail. lO.'i. 
current, 9mokc test for, 53. 
draught between coila of i»tatioimrv magn<*t«, 
H 8 , 

ducU obatruetw! with dust nr «'il sjtniv. 

54. 

flow, inraBuremcnt of, 105, lOS. 
unviaured by air-Ifcating meth*)d. 112. 
by knowndo9w»R method, 1)4. 
gauge, the 'rhumaH, 113. 
given con.stantVeloeitv l)y dwcharge trunk, 
100 . • 

Iteated up bv known Iohacs, 113. 
heatiifflf method of measuring (low of air, 112. 
ht»t, discharged from one dynamo into 
another's intaftce, .53. 

investigation int<i jiressuit? distribution of, 

55. 

loss of static in thr«)ttled, 55, 

in motion, convection by, 53. 

not penetrating between end windings of 

• barrel nnnatun*, 57. 

passing through eneloserl mnehine, moasure. 

ment of. .54. • 

path of, passing <*ver siirfaee of insulation, 
57. » 

apccific heat of, U2. 
stationary : heat ccmdiiotivity of, .52. 
stream, nuuisuremeiit of Umiperatim* Htl*. 
supply defective to j»ait of machine. .5<k 
under brushes, 301. 317. 
undue drop in pressure Iwtween intaki* ami 
exit, 50. 

velocity indicat/fr, 111. 

Air-gap Mjuslimmt, 132. 
alterat^in of, 200. 
behind commutating pole, 349. 
effect on unbalanced pull. 131. 

Oux-density in, 2 K 0 . 

greater at bottom than at top, 13(5. 

increasing of, 213. 

length of. 200. 4(ih. 

iDa<le sufticioAtly gren4, 393. 

• taperixl, 

tapered to minimise field distortion, 270. 
undeiicofhiwtating (sde. 324. 

^ linewn,nrodiicingeddv-curre!»tsin liearlngs, 

• 138. • 

Air-gap-and-tooth-saturntion cunM's, 270. 

w.p. 


i Alternating-curn'nt genprst-(«r -w motor: 
umln t Jenerator Mottir. 

;Mt"mating k.m.k. sut)crimposoil on diipet 
K.M.V.. 2K0. 

Ait<*rnutors: /nr at/to muUr t hmerators, A.Ol 
parallel running of, 218. 
ivsonance in parallel running of. 224. 
short-fireuit tests on. 432. 

.-lHieriVfl«. InMituk iif A7f»*(rK’o/ Kwjinffra: 

Kules of, 104. 

Anioi'tisseur, 228. 

ctfiTt of. on eoimnutation of synehninous 
eonvertiT. 404. 

effiTt of. on synchrtuiouB machine. 229. 
Ammeter, : t'ambriilge & Paul Testing 
Sot iis»h 1 ns, 2. 

position of, with regard (o (‘({ualixer har, 277. 
Aimim'ivs, mcjiHureimmt «>f, by (’ambridgo k 
Paid I'niviTsnl Testing Set, 2. 
virtual, 155. 

Am})en'-turns js-r eeutlmetn*. 93. 
on eommutnting |H)Ie, 4tM5. 
of converter, 388. 
demagnet i^iiig, 208. 
eth etive, 393. 

to o/rn-oine arnuilure amprc-tunis, 325 
per pole, 2(18. 

oil geii'Talor with stability plate. 294. 
Ainplilication of ripples on wave form, 433. 
AneinomcOT, 111. 

Amjenimmi, on eddy eiwrents. 99 «. 

Angle of lag of eurrent. 192. 

Arc.hihnld, on design, 389 v. 

Antiiitiin*, 188, • 

A.<^, cutting out turns, 213. 
ain{s‘iN*-turns, 182. 
on eonverter. 3H9. 

barri’l : air not ])enet.rating lietwetm end 
windings, 57. 

(inmit: bad c^ntiwts in. 292. 
coils, J>.P.: n'pairing of, 29. 
effect of induction of, 299. 
f:.M.K !-ei u)» in bv Ininsformer action, 
359. 

mutual induction Is't wc^m, 359. 
repairing of faults ^ insulatl^m of, 
reversed, VM, 197. 

.short circuits in, 39. • 

coiidurtors: (aidy-currents in at no load, 92. 
grt»up«d in slots effect of, 259. 
losses in, 89. 
in opiKMition, 188. 

o 2«2 
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Anoftture {con^nuidy- * ^ 

conductf>Ki: in ilotfi: over^e^ing of» 58. 
of converter: higher harmonic currents in, 

, 3M. . . 

core loose on one side and tight on* the 
other, 145. 

current, telation of. to held exciiation, 179. 
V.C. : cross-connectors on, 14. 
faults in, 13. 

intcraiittont fault on, 25. 
pain of current through to fault, 17. | 

demagnetizing effect of, 252, 257. i 

distribution of current in, 15,19. j 

drum-wound. 1 . 1 . j 

end bolls cauhing bad air circulation, 53. 
and Add maiyict: macnotie attraction 
betwHm, 130. 

high-voltago : open circuit in, 37. 
inductance. 352. 

inm, break-join s in, producing eddy- 
^ currents in l>aarings, 140. 
lap-wound, 19. 

magnetizing ampere-turns of. 202 . 
mesh-connecU‘(I; open circuit in, 30. 
multi-polar l).(\ drum wound, 13. 
polypliase : m.m.f. distribution on, 102 . 
reactance, 175. 
reaction, 248. 

pulsating, on converter, 388. 
resintance, 175, 218, 202. 
ring-wound, 13. 

short-chordoil by one slot on converter, 304. 
short-cinmited, 280. 
dots, leakage field across, 175. 
number of, 402. 
skewing of, 102 . 

Htar-oonniH 3 t(Ml: open circuit in, .‘HI. 
teeth, effect of, 355. 
effect of saturation, 248. 
neutralizing effect of, 324. 
threo [>hase niesh-eoimected: number of 
conductors in. 203. 

unbalanced: amplitude of in, 201 . 

windings on converter unaymmetrieal, 401. 
heating of, 385. 
shurt-ohoiding of, 203. 
on short circuit, 241. 
two-oirouit, 21 . 

wrf)iig, insert<‘d by mistake, 200 . 

Arnold, K„ on vt'olor diagrams, 170 n. 

Arnold and Im ('our on brush drop, 303. 
Arrow-heads, 158. 

in olrouit diagram, 150. 

Auto4ransfnrmer, 418. 

B 

Balance, amount of deviati«vi from perfect, 

199. 

of phase bv means of choke coil or condenser, 
164. 

of phases ascertained by method of moments, 

200 . 

n(polyphtt>e systemi 102 . 
running, 117. 
shifting, 130. 
ttaiic, 117. 
want of, 117. 

BajMicing at critical speed, 129. « 

machines of moderate speed. 130. 


Balancing (coniiniud )— 
practical hints on, 127. • 
run rotor in both directions, 



safety in, 130. 

* simple theory of, 121. ^ ^ 

of three-phase circuit by meaz& of choke 
coil, 162. 

Barclay, t>r., on efficiency of turbo-alternator, 


105. 


Barr, on dedm, 380 n. 

Battersea carbon brushy, 307. 

Bearings, eddV'Currenis in, 133, 145. 

homopolar K.M.F. in, 133. 

Bolts, losses in, 104. 

Booster. A.C., 382, 414. • 

Boosting transformer, .181. * 

Boniding, B. S. //,, on winding factors, 205, 
363 

Bracing rings, losses in, 1Q4. ^ * 

Brass, neat conductivity of, 52. 

Break in circuit, 188. 

Breakdown of field coil, 30. ^ 

of insulation, 10 . 
of resistance causing fault, 22 . 

Breaking step, 170. 

Braak-joints in armature iron producing eddy- 
currents in bearings, 140. 

Bridge method of finding faults, 10. 22, 23. 
Bridge, metre, 5. ' , 

Wheatstone, 5. 

Brilish WeMinghoujte ('oittjmnt/, 378. 

Bnisli, * angle of inclination' of, 312. 
arm dro|> 8 , 3.10. ' 

arms, equality of current in, 327. 
iiulH-volt drop in each of the, 329.^ 

, resistance inserted in scries with, 330. 
resistance of, 329. ‘ 

skewed, 310. 

Slicing of. 268, 331, 332. 
tilt of, 31<l. 

Brush, carbon, 302. 
changes facet, 293. 
correcting effect of, 325, 326. 
feeding force »)n, 300. 
friction of, 304. 
hardness of, 302. 

•metal, 302. 
pressure on, 305, 306. 
resistance of, 325. 

resistance: effect on building up, 247. 
shaped to make contact at various pointa, 
337. 

, • and slip-ring: weas of, 30 tl. 
softness of. 302. 
wear of, 306. * 

chattering, 152, 314. 
cure of, 317. , 

effect on, of cutting out mica. 317. 
heating due to, 316. * 

contact resistance, change in, 202 . 
ilistribution of current on surface of, 267. 
double, gear, 401. 
drop, 303. 336. 
when building up, .247. . * ' 

curve, 337, 338. 

dft>oping towards the toe, 343. 
j effect on, of strength of comnAiUrg pole, 

I 340. . . ‘ 

I in ideal roaohine, 338. 
f oscillogram of, 355. 358. 



INDEX ^7 


Bnub 

drop, aA of brui^, oBoillogram of, SM. • 
fio^ oluogeo in, 
genr, 366. 

gear, defects idt 308. 
mnhittc,*S02. 
holoer faits to feed, 318. 
not property secured, 293. 
ikle-eprmg. 300. 
supports, 318. « 

tension of spring on, 309,318. 
holders, adjustment of, 311. 
attacl^ent of guide strip to, 282. 
piTotM, 308. 

looked through a ])olo pitch, 287. 
sliding 308. 

small imperfections in, 292. 
inclination of, to commutat«)r, 311. 
lojRes, U)WMt^3. 
negative, 304. 
pigtails or shunts, 318. 
pitch, 361. 
positive, 3(H. 
resistance, 240. 

effect on building up of voltage, 247. 
spacing marked on cuininuiator o<ige, 331. 

strip of paper or copjier t4) show, 331. 
thickness, 362. 
tut of, 311, 313. * 

toe, urooping curve towards the, 343. 
voltage under the, 320, 351, 301, 302, 4(Hl. 
with widc.face and small height. 313. 
width, effect uf,*200. 

Brushes, 361. 
air under, 304, 317. 
bevfUling of, 364. 
charactcrvitics of, 807. 
in contact with ba<lly-8pacwl liars. 301. 
on converter n)cked far, 379. 

‘ demagnetizing ’ effect b^)llght about by 
rocking of, 256. 

divided: forwartl half connected to inter- 
« pole, 350. 

combined feeding and sten<lying pressure on. 

310. • 

friction of, 315. 
grinding in of, 332. 

inclined against direction of station. 312. 
narrowing the, 302. 
not down, 287. 
off the neutral, 287. 
picking up copjier, 300. 
position of, 252. 
on commutator, 203. 
effect on stabiSty of D.C. machines, 27S. 
pressure of the, 3<i0. 
rocked backwards and forwards, 265. 
forwards or backwards, effect of, 258. 
thmugh a pole pitch, 280. 
rocking of, 322. 328,365. 
rooking on a dynamo, 262. 
on a motor, 370. 
effect on voltjg{e, 256. 
screeching off 152. 

• short-ciro6it current under, 267. 
spadng of, 328, and see under Brush, 
on ^u-iing!^ 424. 

Ipartnng at, 320. 

* on syn'^rutoous converter. 388. ' 

uneven tension rd, 333. 


Brashes (conlrnttei^-- 

* voltage betwet^positive and negaUve, 856. 
volta^ variation, by rocking, 385. 

» • 

C 

(^ables. effect of capacitv on causing sesomu\oe, 
204. • 

embracing iron circuit, 209. 

d* Pant InsIrameHt Com)Htny, 
resistance thermometer. 49. • 

universal t4'sting set, 2. 
system t»f connections of, 2. 
used Hs D.C. amiueUw. 2. 
j 1 ).(\ voUmeWr, 2. 

galvanometer, 3, 2t). 
millimeter, 2. 
millivoltmeU‘r. 2. 

(’apacitv of armature winding : how measured, 
37. 

Carter, P, H'., «m jM>le.faeo Kwses, 100. 

Caltermn Smith, J., on crawling of induetffm 
motors, 422. 

Cavities restutating t4> a note, 1.53. 

Centre, geometricai, 121. 
of gravity, 121. 

line of ptile: displacement of, 171. 
line of ]Htie: mechanical displacement of, 172. 
lines, ]ibase iMwitions of, 173. 

“ spiiuung,” 121. 

(V'litrifugal fiin-e on lomiimtatiu* bars, 301. 
('hungo of current density, 35ti. 
in brush facets, 202. 
in numb^T of phsM^s, 2tl2. 
in simnl-eircuit resi^anct*, 292. 
of brush-con(4M!i nsiistanee. 292. 
of s]K‘ed, small. 292. 

Characteristic of eonijsiuiul-wound machine, 
273. 

I curves of A.(\ generator. IS2. 

CliatUTing of brushes, 1.52. 314, 366. 
cure <if. 317. 

etfeet on, uf cutting out miea. 317. 
heating due to, 316. 
tangential, 315. 
vertical, 315. 

(’hattiicl:, .1. /'., on njagmdo-potenlioracter, 
191. 

('hoke coil, 378. 

I uhmI to balance iHilyphosc system, 164. 

! fed by transfcfrmerH, 167. 

I for proUKition of induction motor, 421. . 

I Chukc-coil reaistancx*: methesi of allowing for, 
170. 

Ciioke coils for starting rotary convcrU're, 370. 
to get twelvi* phaw^s on CAtnveiier, 396. 
windings of starting motor list'd as, 378. 
Chromnnetcr, J>r. Ko^Ttson’s, 85. 

CAMrcAcr, H. (/.,*on measurement of air How, 
113. 

on oscillograph, 428. 

Circle diagram of synchronous motor, 176. 
Circuit-breaker, position of, with i^ard to 
equalizer bar, 277ii 
voltage rise due to, 408. 

Circuit, oreak in, 188. 
diagram, 1<56. 
arrow-head in, 150. 

Circuits, 11^. 

}»ani)lei, in induction motor, 133. 
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dmlatuif; <ftrrent in t(pe-])hase mesh- 
connected armatures, u7., 
in thtve-phajfo alar-eonncctcd armatures, 98. 
Ctayton, A. iS.t* on IVavC'shapcs of 
genonitoro, 192 n. • 

Cloth, varnished, heat conductivity of, 52. 

Coil, short-throw, 323. 

Coils before assembly: short circuits in, 32. 
under commutation, self-induction of, 321. 
on a moU)r: effects of eddy-currents on 
370. 

self-induction of, 320. 

drioil out in vacuum oven and impregnated 
with petroleum residue, 292. 
hehl-, loose, f48. 
loose, 148, 149. 

lying in same slot, mutual induction between 
350. 

short-circultcd: heating test of, .'U. 

C(illection of current 396. 

t|oul>lca, pnicedurp iii investigating, 3(U. 
Commutating field coils 8hunle<i by diverter, 

^ 394. ' 

pole, adjiistmont. 3.3(1, 34.3. 
air-gap behind, 349. 
air-gap under, 324. 
ampere-tuma on, 409. 
automatic adjustment of. 399. 
charactoristie. curve, ,347. 

Ilf converU'r, umpere.turna.on, 388. 
eross-Hoction of iron on, 32.3. 
dampers on, 393. 

doiiblo brush for automatic adjustment 
of, 3.31. 

offcct of saturation on, 349. 
elfoot of, on voltage, 209. 
excite with ampei-e-turns e<]iinl to re- 
snltant ampere-turns at full loail, 327. 
function of, 321. 
leakage from, .348. 
raagnetio leakage on, 32.3. 
on a motor ; saturation of iron of, 370 . 
saturation of iron of, 324. 
shoe shielded witli copper. 324. 
strength of: etfeet on hrnsli-ilrop curve, 
340. 

on synehroniius converter. 380. 
turns to neiitrali/e arinatiirii amnere- 
tiirns, 324. 

voltage, ripples on, 390. 
voltage at terminals of, ,390. 

•too weak or too strong, 342. 
done of aetion of, 323. 

Commutating [siles, addition of, 2.37. 
automatic contnd of, 401. 
bad spacing of or uneiinal flux from. ,3.34 
cover li|>a with thick copisT plate. 390.' 
effect of, on a motor, 370# 
excitation of. 388. 

on motor arranged to give stability. 374. 
residual magnetism of, 280. 
winding, ]H>sitinn of, 349. 
n>mmutation, 320. 

e^t on, Jtf groupini conductors, 342. 
elleet on, of phase-swinging, 402, 40.3. 


* -w*, -tv. 

*?.t. generators : defects in, 352. 
model (or studying, 320, 
over-. 321. 

political test of. 343. 
under-, 321. 


. Commutation (<xmimued) — 
w8p/it*po/o convertcr,«85. 
troubles, procedure in mveatignima, 204 
Commutator,‘areh-bound,’297. ^ 
ban, bad spacing of, 360. 
centrifugal force on, 301. 
effect of finite width of, 341. 
irroi^lar spacing of, 335. 
magnetic coupling between all lyine in 
same slot, 369. 
pitch of, ,303. 

'" 2 . 39 ™”* voltages bfttkeen, 

and brush : drop in potential between, 330 
brush position on, 293. , 

“"•x"' brushes, voltage drop-between, 

construction, 297. 
copjKT of, thrown off, 298. 
cutting out mica on, 209. 
defects in, 299. 

distribution of potential around 2/>2. 

on, at full loail and no load, 255. 
eccentricity of. 20«. 
expansion of, 297. 

Hat on, 209. 

graduated to show brush spacing, 331 
grinding tool, 298, 
heating of, 297, 301. ‘ 
high bars on, 298. 

mica on, 209. 
low bars on, 298. 
machines with double, 352.* 
marking of, to show brush spacing, 331. 
method of hiiihling, 297. 
mica Hcgmcnts on, 280, 281, 
neck broken, 147. * 

necks, lN>nding at, 147. 
neutral point on, 282. 
nip-bound, 298. 

pencil fffr taking potential distribution on, 

284. 

positicin of neutral plane, 279. 
potential distribution around, ,3()I. 
distrib-ition curve on n, 399. 

irregularity in. 399. 
distribution im, 2.37, 29.3. 
radial edge, guide strip nn. 282. 
face of, 3,31. 

shiirt-circuiting bars of, 14. 
skewed bars on. 302. 
soft eopjxir on, 2t)9. 

.space variation of voltage on, 203. 
su^irts, looseness of, 302. 
siirfseo: effect of sim-ciI ill', on brush drop 
and friction, 304. 
symptoms of defective, 302. 
uiwoBoneil, 301. 

V-rings iif, 297. 
voltage between liars of, 293. 
distribution around a, ,328. 
distribution curve on, 282. 
distribution on near itil-load neutral line, 

variation at points on a, 2.38. ' 
wavy surface of, 299. 
wear of, 298. .* - • 

Commutators, two on one nrmature,.362l 
Coinpas.. niaalle, 7. 12 , 13, 10 . ‘ 

used to cheek polarity, 191. 
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Compottod'Wouad mgiors and generatora > ^ec 
undel Motors and Generators, 
machines, oharactor^tics of, 273. 
l(^ distrifa^tioo, 274. 

Condensation of moisture, 20. 

Condenser used to balance polyphase system, 
164. • 

Conduction of heat, 52. 

, Conductors of armature injmjposition, 18K. 
armature, in slots*:] ovnr-neatmg of. 58. 
grouped in sluts, full-pitch winding • 
p^^tion of voltage due h), 260. 
indivioikl, separaUHl, .57. 
insulated with mica, 58. 
loommc^ in joints betwi'en strips of, 334. 
in mica tube moving, 150. 
of same phase: taping betwiTn too imu-h, 
« 57. 

short-circuM : iftniwraturo U'st with, 61. 
Convection of heat, 52. 

by air in motion, 53. 

Conversion (!kctors, 220. 

Convertor, synchronous, 358, 37t). 
adjustment of D.C. voltage on, 380. 
advantage over I).(\ generator, 388. 
armature ampere-turns on, 380. 
armature, h^hcr harmonic curn'uts in, 336. 
automatic syncbruyi7.ing of, 377. 
booiter or induction generator with, 414. 
brushes rocked too far on, 37U. 
choke coils fopstartiug, 376. 

to get twelv<) nhasos on, 335. 
commutating polo on, 389. 
comi^utation of spUt-puk', 385. 
compared with D.C. generator, 407. 
damper on, 406. • 
damping on, 404. 

action of dampers on poles of u, .377. 
sumo defects in, 376. 
effect of jwwer factor <)u ln'aling, 385. 
excitation of A.C. generator ehang»Hl for iul- 
^ justing voltage fed to, 381. 
exciter for giving stability to, 41.1 
field distortion of, 407. ^ 

flasbing over of, 408. 

beating grcateij near wliero tappings are. 

taken off to slip-rings, 386. 
hunting of, 402. 
inter-polo on, 35U. 
lagging currents in, 384. 
lighting load on, 383. 
load sharing ou, 411, 414. 
no-load losses U)o high, 373. 
over-compoumWd, excessive heating of, 386. 
overload on, 407. 

run innarallel with ordinary geiierat* ts, 411. 
jthase^winging of, 402. 
polvity of, 378. 

iraen st^ed, 377. 
power factor of, 383. 
pulsating armature reaction on, 388. 
inactive effect (j^ leading or lagging current 
on induB^nco in series with, 383. 
rotor cireuit resistant too high, 379. 
running from D.C. to A.C., 414. 
with s^uji^ted reactive iron re<|uin?8 fewer 
,iunm thwi one working off a trans- 
forfher,a384. 

lelf-syncbronizing with starling mutr>r and 
reactance, 378. 


! 
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•Converter 

on short cirtuit, 407. 
sparking at brushe^cui, 388: 
s[»»ikI change in, 415. * 

contr(»l of, 4H1, 

inen>asp inm Um« to adjust, 379i 
regulation in, 415. 
splil-)M)le, 385. 

started fn>m D.C. buslwiw, 373. 
started from taps on transformer, 37fl. 
starting of: o|k‘u circuit-bit'aker imiUtHll. 
ately Whiw closing A.C. swiU-ln-H, 38(3, 
oiH'ning the field cin*uit «*f, 377. 
short-cin uiting nf Held syigetn, 377# 
starting tonjue of. 377. 

(crininals, voltage at, showing nHiflt-ripplt's 
and sixth harmonic, oscillogram, 331. 
thrown on busbars tlmnigh clit>ku coik, 380. 
Inu'tion load on, 383. 
twelve-phase, 394. 

two rim bai'k-Ueback, 331. • 

two or moi-e in parallel on same trunsfonner, 
387. • 

two 6-]>hase running biu'k-lo.back and 
eirculating full-load current, voltage at 
D.C. lerniinals, 3J12. 
unstemly frecpiency of A.C. siile, 415. 
iiiiHVinnietrical tajipings ou, 401. 
voltage range on, 383. 
unsOwly, 380. 
variation of, 381. 
windings unsymmetrical, 401. 

Cooling conditions, 43. 
surface, inefficient, 56. 
msulKcieiit, .56, 

Copper, heat conductivity of, 52. 

»ml iron, temperature <liflercnce, 58. 

picking by brushes, 300. 

resistance, inert^aso with lem 2 >vrature, 43. 

siift, Oil ciimmutiilitr, 2tM). 

structure of crystals, 300. 

Cramp, Dr. H'., on the pneumometer, 110. 
Crninp <t* Frith, on miero-muiiomctur, 103, 

110 . 

Crawiing t>f induction motors, 422. 

Critical speed, 129. 

Cniss-coimectiuns UdwiTii {snnts of equa 
iM)U;ntial, offeet of, 367. 

CroMs-coniieclnrs ou J).(\ armatunv 14. 
('ri»Ks.ffux : reluctance of inagneiic circuit to, 
210 . , 
('ross- 0 tHgnritiy.atiou, 18.3. 
on a motor, 369. 

Cross-magnetizing otfoct at any iwwer factor, 
182. 

Current, angle of lag of, 162. 
in armature, distribution of, 15, 19. 
automatic edfbstmcnt of, lx;twcen two sets 
of commutators, 352. 

broken suddenly as circuit is uiNiued, :156. 
c^iUection of, 21^1. 

density in carbon brushes, 3(t3, 364. 
ami rate of chau^jp of curvnt, reUlion 
between, 346. 
change of, 356. 
under a brush, 338. 
at various starts of brqsh, 336. 
distribi^ion, adjustment of, 331. 
between brush arms, 327. 
dissymmeiiy of, 333. 
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Current {continued) - * 

diitribution, at full load: mefhodfl of inveeti- 
gating, 3i^« 

eimpllflcation of, 14. ' 

on surface of brush, 267. 
uneVbn : cauito of, 333. 
lagging behind busbar voltage, 173. 
weakens field magnet and increases speed, 
^ 416 . 

main, ripples in, 356. 
measurement of, on oscillograph, 431. 
momentary heavy, producing eddy-currents 
in bearings, 130. 
ratb of change of, 321, 322. 
reversal, 11. 
short-circuit, 232,408. 
starting, excessive, 370,419. 
synchronizing, 232. 

Currents, when in \ alance, 162. 
of higher harmopicsnin converter armature, 

• 39«. 

Curvature of regulation curve, 252, 360. 

Curves, engineer should take copies of any, 8. 
Cutler Hammer Manufacturing Company, 
makers of Thomas air gauge, 113. 

D 

DamiMid oscillation, 220. 

Damper, 228. 
bars skewed, 101, 102. 
on commutating pole, 393. 
effect on phase-swing, 404. 

on synchronous machine, 220. 
of high conductivity, wiping out held irregu¬ 
larities, 103. 

Damiters, copper, heavy .losses in, 101. 
eddy-ourrents in, at lull load, 102. 

in, at no load, 100. 
on pole of converter, action of, 377. 

Damping constant, 404. 
forces, 228. 

forces Rs affecting deflection of shaft, 123. 
on synchronous converter, 404, 406. 

Dampness causing partial short circuit, 35. 
in shunt coil, ^1. 

Danger from high-six'cd machines, 130. 

Datum instant, 157. 

of time, 157. 

Deceleration curve, 84. 

method of measuring 1osm*s, 72. 

Delects, mechanical, 145. 

Deflootion graph. 126. 

of shaft. IIK, 121. 

Demagnetizing eomiHinent, 257. 
effect of animtun\ 257, 262. 
effect brought about bv rocking of brushes, 
266. ■ ' 

Dopotensing ’ effect, 256. 

)evU^n from uniform motion, 223. 
)ireotioD>o[-ourront method of finding a fault, 
11.14.19. 

D&pbargo trimk to give air a more constant 
veldtity, 106. 

)i8})]|accmont of flywheel, 2^ 
lissymmetcy of current distribution, 333. > 

)istribution of potential around commutator, | 
252, 

Aturbanoe. periodic, in engine torque, 220. 
in torque, frequency of, 230. * < 


Piferter for intorpole Hiding, M. 
made of iron. 3^. ' 

to shunt commutatiog field coils, 394. 

Drop in potential betweengcomnmUtor and 
brush, 336. • 

method of finding a fault, 12,16,18, 24.33. 
Drop, riactive: choice of amount of, 383. 
in voltage between carbon brushes and 
commutator, 302. 

Drum-wound armature, 13. 

IhysdaU, C. V., on BtrolM}Bcopic method, 77, 
78. • ^ 

Duct, see Ventilating duct < 

DuddeU, W., on wave form, 204 n. 

Duplex winding connect^ as {implex in 
mist^e, 292. 

Dynamo taking in hot air discharged from 
anotffer dynamo, 53. 
from an engine, 53. * 

E 

Earth, intermittent, due to magnetic effect, 24. 
faults, intermittent, 23. 

method of finding, 10. 
bigh-rosistanco fault to, 22. 

Eccentricity, 121. 
amount of, 125. 
e, 125. 

of rotor, 132. 

Eddy-current and hystcresia losses, separation 
of, 86, 00. 

Eddy-current losses, 86,80. 
in end-plates, finger-plates, pole^/aoe and 
armature conductors, 86. 
illegitimate : separation of, 89. 
increased by saturation of iron, 89. 
Eddy-currimts in armature conductors at no 
load, 92. 
in bearings, 145. 

in bearings produced by break-joints in 
armature iron, 140. 
produced by hemitropic winding, 140. 
produced by momentary heavy current, 

produced by transfoni^er effects, 137. 
produced by uneven air-gap, 130. 
effects of, in coils under commutation on 
a motor, 370. 

in end-plates and end-bclls, 103. 
in end-windings, 99. 
in finger-plates and end-plates, 91. 

' produced by fringing'flux, 93. 
m journals and l»aring8,«133. 
oil in bearings forming resistanco to, 134. 
in tK)le-faces and dampers, at full load, 102. 

at no-load, 100. * 

in the rotor of motor, 41^. i 

Effictoncy calculated from no-load losses, 69. 
conventional, 69,104. 
low, 69. 

of turbb-altcmator, by ^vrclay & Smith, 105- 
Eleotrical angle, 172. 

Emdc, F., on ono-sidhd distribution of A.Cl« 
96 ti. • 

K.M.F., alternating, superimposed, on direct 
286. \ « 

amplitude of, in unbaiancixk armature, 201l 
in D^nag: wave-form of, 144. 
of D.C. generator on load, 248. 
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dtenukUoK (emniwcai I 

^ Maw to generate, m. I 

at no load, 190. > 

* t bomopolar, in beari^, 133. 1 

I.ll.r.’a Hiild Barmonio, 396. I 

Enipito olMh, heat conductivity of, 62. ( 

EndbollB of armature causing bad circulation, 
53. ■ i 

eddy-currents in, lOJ. 1 

End connectors, solder mtlted in, by tempera- ; 

turn rise, 67. j 

EnU^tea, temjieraturo distribution in, 4tl. | 
ed^telirrents in, 01. 

hot through cddy-currcnts, 61. j 

losses in, 86. | 

losse^on load in, 103. , . 

End-windings cut through by fnnging liux | 
from pole-sides, 02. 

%ddy-oorrwt8 iih 00. 

Energy, kineflc, of flywheel, 222. 

stored in flywheel, 222. 

Engine, chpnge of speed in, 243. 
governors, 173. 

torque, periodic disturbance in, 220. 

Engines, two in iiarallel: turning moments of, 
173. 

Equalizer, 276. 
bar, 274. 

Jiosition of afcraetcr with respect to, 
277. 

circuit-breaker with respect to, 277. 
resistancir'in, 274. 

Equalizing of 6ompound-wound U.C. genera¬ 
tors, 274. 
rings, 14. 

Equipment, 2. ... 

Eureka-iton thermo-couples, 40. 

EvtreU, Sdgecuiaii’ * Company, CM.. I«. 

ohm-meter of, 3. 

Everthtd <t Vigmlfs' Megger, 3. 

ExciUtion, change of, of synchronous motor, 
179. 

, of commutating poles, 388. 

critical voltoge at which it occurs, 246. 
required at given power factora216. 

Exciter for giving stability to D.C. generator, 
413. • 

to synchronous converter, 410. 
instability of, 196. . 

Exciting circuit, loose contact in, 21M. 
voltage too low, 195. 


K 


Failure to genefate 1 S.M.F., 131- 
. sufficient E.M.r. at no load, iw. 
Fan qp rotating parts. 54. 

Fault or ground, 10. 
t* earth, higb-rosistance, 22. 
intermittent, 23. 
method of finding, 10. 


n to^tion.Vmporary reiiair of, 27. 
ntermitrtnt, on O-C. armature, 26. 

“^n»":oT^h^*t.il» for reducing 

tempest- detectors, 

* 9 - • ■ .wu 

ed'|Mpe»,wave motioo a* mv . 


field ampere-tuns Hi nu iftS. 

circuit, opening of. on starting oon¥Wi«r|$?7. 
resistance lira high in. 288. 
short-circuiting of, on itarting conTCrtar^ 

• 377. 

coil, breakdown of. 30. 

Ringlo-hobbin. 135. 
should Ik» tightly wound. 07. 
coils all of same iwlarity. 135. 
coils, defective stirfaoe cooling of, 
excessive temiwrature of, 02. 
intermittent short circuits in. 34.^ • 
moving in magnetic Held. 24. 
repairing of. 

revolving, ventilation of, (H. 
short circuit in, 34. 
short circuit t»f, 104. 
wixmgly Cf»micct<Hl, 288. 

Fieltl current, full-load: grapliio Cfinstruction 
to find, 207. 

main: iH rmancnt rcsisUtiee in cjrouH 
with, 19ft. 

voltage an<l sjaHNl of D.C. generator, 244. 
distortion, 171, 2oft. * 

mmimi 2 c<l by taiwring air-giu), 270. 

4 ff Rynchron‘>us converter, 407. 
diatributioii, 3tl9. 

excitation, relation of, to armature current, 
170. 

of synchronouH inotfir, 179. 
form of A.(^ generator, 250. 
flwU'rtioii fif, 248. 

ImnuonicH in, 20.'). 
method of taking, 28ft. 
f.irnw (HI niaehines taken on oscillograph, 

iri-cguiariiies wii)cd out by high-conductivity 
damper, UKl. 

magnet and armature: magnotio attra^twn 
between, 130. 
magnet centred, 
magnet, displacement of, 214. 
excitation of, 208. 
see if properly e.xcitcd, 187. 
magnetizes shaft, 135. 
rotating, fault in, 23. 

Mlationary: draught between coils, 08. • 
iinsymmclrical iiosilioii of, 139. 
j) 4 fles, wrong, put m by mistake, 200. 
stationary, su|KTimposod, 102. 

Mtnmgth in motors, 371. 
uusymnietrical, 270. • 

winding resistance? too high, 195. 
fiVW, d. on eddy-current loss. Oti. 

/f-. on i?ddy current loss, 9« n. 
on resonanw?, 353 m. 

Field’s cocflicient, 95. 
Finger-platA's^eddy-currenU in, 91. 
losses in, 8o. 

supporting teeth laminations, 145. 

Fiiigcm, Bupportiiii!. 146. 

FlMhing over of synchronom converUir, 408. 
Flickering of light, through instsbility of ox- 
ciUir. 196. • 

I Flux-deninty in air-gap, 286. 

I Flux diatortion aerow faco of pole, 17#. 

1 forced out of teeth by iom aaturation, 92. 
j fringing, producing Mdy.currcnU. 98. . 

I mete,, 192. 

I pulMtion of, 366. 
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Ai 

1ywb«ol, ohofte of, 233,236| 
critical value, 231. 
displacement of, 223. 
effect, 220. • 

critical, Zih 
cx|)erimentH at various voltages, 241. 
energy 8t4)red in, 222. •* 

kinetic energy of, 222. 
ourth wire, 102. 
ranio, j)low-hole in, 3'14. 
insuflicient stiffnem of, 131. 
of M^rien motor, saturation of, 374. 
reqiiency of A.C. side of converter unsteady, 
415. 

changer on iifftior-gcnerator, 412. 
irregular, 402. 

of a note, measurement of, 153. 
of Bystem, changoH in, 413. 
iction, initial, of motor, 417. 

Ions, Kl. 

imd windage foun<14>y Irelardation mctbMl, 
70. 

iBUM, abHenoe of, 188. 

(i 

ilvanometer, ballistie, 37, 102. 

Cambridge A I’aul 'JVsting Set used as, 3, 2(t 
w-engine feiMl-pijx': wave motion in, 230. 
by National Can Kngiiiu Company, 218. 
torque of, 222. 
turning moment of, 220. 

>*, 220 . 

nered Electric Comjtam/, 428. 
nmd Electric Comjtany^ t>f VVitOm, lOO. 387. 
norator, alternating-c'urrtmt, 187. 
coupled b) l).(^ nuitor, 412. 
coupled to Bynchronons A.C. iiioior, 411. 
diffenmt number of poles in arnialiiru and 
Held, 190. 

exeitaiimi changed for mijusting voliagt' 
fwl t(» converter, 381. 
field form of, 250. 
inteixdmnge of load, 214. 
method of inveHtigatioii of Hyiiehrotious 
running of, 238. 
no-load eharaeU'ruttic, 182. 
on Hhort-cireuit, 432. 

on imity power factor: ami)er<!-lurii.s on 
field, 1H:1. 

ahort-circuit eliaraeteiistie of, 182, 200. 
BynchronoUB running of, 218. 
tor<|ue of, 171. 

wave-Blmpivi on, by A. K. Clayton. 
:omi)ound-w«nmd, 27!t. 
stability of, 274, 27(5. 

lireci currtmt, compan't) with synebronoua 
converter, 407. , 

ebarooteristio of, 251. 
effect of saturation of magnetic circuit tm 
voltage stability- 245. 
exciter lor giving stability to, 413. 

Held current-, voltagi' and speed, 244. 
)^BtabiliU- of load fn. 412. 
magnotio field of, 279. 
on Toad, 248. 
polarity wroiqj i»n, 280. 
regulation of. 243. 

in mir^lel, 274. « 

speed obangt* effect on voltage of, 243. 


Gen|rator {continued) 

^lirect current, voUage^insuflioi^t, 289. 
voltage on load, 248. 

^ fully-excited: undesirable to brine to speed, 

• ’‘204. ^ 6 i- 

level-compounded, 273. * 

salicnt^mlo: effect of cixiss-magnetizatioB, 

1^. 

shunt-wound, 243. 
instability of,^78. 
magnetization curves of, 251. 
regulation .defects in, 268. 
voltage variation of, 253. ^ 

slowing down of, 204. 

with stability plaUs anqicrc-turns i)er«pole 
on, 294. • 

characteristic of, 294. 
magnetization curve of, 294. 
synchn)nou8 converUfrs^uu ip parallel ^fltb, 
411. 

synchronous, unUcr-excited, 176. 
two-phase, changed to lhrcc-ph(fs(% 202. 
(lirauUt l\, on eddy-current hisses, 96 rt. 
(fovernor, hunting, 230. 

(lovemors of prime movers, 215. 

(iranime ring: how pole is produced in, near 
fault, 12. 

(•round or fault, 10. 

Guide strip for taking* voltage-distribution 
curve on conimulalor, 282. 

11 

IhujuCf Ji., on distribution of M.M.ir. on {>oly- 
phase armatures, 102. t 

Hard-Morganite carbon brushes, 307. 
Harmonics in field form, 205. 
higher, 199. 

currents witli, in converter armature, 396. 
resonance with, 204. 
seventh, in motor field form, 422. 
tbii'd, in star; 98. 

K.M.II*.’8 of, .396. 
in phas(% 98. 
syminolrieal, 99. 

JImvkim, C. (\, on calculating total Hux across 
a slut, 93 n. • 

Heat, amount of air ni'cessary to get rid of, 
53. 

ca|)acity of machine, 43. 
conduction towanls polo defective, 67. 
conductivity of iron at right angles to surface 
. of laminations, 56. 
between adjacent coils, 67. 

I of various iiiatcriaU, 52.* 

convection of, by air in motion, 53. • 

dissipated hy comluotiou along copper con¬ 
ductors to end-windings, 68. 
dissipation, defects in, 51. . 4> 

detective, through thick layers of insula¬ 
tion, 57. 

generated : its path, 51. 

jiassagc of, from inside laVers of fieid-coib, 

62. . 4*^ 

travelling by convection, 52. 
by conduction, 52. 
by radiation, 52. 

Heating, 41. 

I of armature windings, 385. ** 

(over-) of armature comiuctors in slots, 58. 



INDEX 


of coDVtilitor, effeft of power factor on, ^5. 
on converts greater near where tappings 
arc t^en off M Blip'iinga, 380. , 

of end-p^ates^hmugh wldy-ciirreiita.^Ol. 
excessive of ovcr*compoundc(i convertor, 
386. 

method of ilnding fault, 23. 

siiort circuit, 34. 
of pole-faces, 40. ' 

for short circuit, il)4. 
ll^ort circuiU'd coils, 31. 

Hixh-freiyency currents, prodiictiuu of, 22 . 
ilul, E. /%, on ctpislizing ctmncelious, 270. 
lliUfE. A'., on ond-]datc losses, 103. 

Hole in l^icl^tulK‘, 140. 

Hotnopolar effect, 145. 

Huches’ induction Imlanee, 32. 
l\t^tT’Hrowni^*., («i carbon bruslu's, 303. 
Hunting of governor, 230. 
of shunt motor, 372. 
of synchranous c<uiverters, 402. 

Hystcrctic constant, 87. 

Hysteresis and eddy-curn'iit lossi's, sepuratiuii 
of, 86 , 90. 
losses, 80, 87. 
curve for calculating, 00 . 


$ 


1 


ImiHHlancc of s;mclironous motor, 177. 
of scries trai^prmer, 200 . 

•winductanco in traiisforinpr, arjjiistnient of, 381. 
induction balance for (lete(tting nliort eirniil, 
33.* 


methods of tindi^ fault t»> earth, 10 , 21 . 
Induction motor, see Motor, induction. 

regulator, 382, 414. 

Inertia, moment of, 220. 
of rotating part, 74. 
determination of, 75. 

Instability of corapoun<l-\vound gcncralorH, 


• 270. 


of shunt-woimd generators, 278. 
of load on 1>.C. generator, 412. 


of motom, 371. 
insiniment, proUj^tioii of, 10 . 

Insulation between turns poor, 201. 
between turns, breaking down of, on in¬ 
duction motor, 421. 
breakdown, 10 . 

causes of, 149. 
of conductors with mica, 58, 
dr 3 rmg out of, '25, 
faults between turns, 30. 
moisture in, 20 . 
repairiig of faults in, 27. 
resistance, measurement of, 25. 


36. 

too thick between wire and isdc, 67. 
thick layers cause defective heat dissipation, 


oi. • • 

Inter-pole on igmchfonous convert<?r, 3*>0. 

leakage fp>m,*350. * 

• methods of reducing leakagi^ on, 348. 
shoe, magnetic screening by, 341b 
^jof&ftnsa^n for saturation of, 351. 

0 eff^ of«Mt^tion of, 346. 

winding, mouctanc© of, 352, 
lAtermittent faults to earth, 23. 
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)• Inlcrmtional K^cirtHctJiHic^ tommisuksa on 
' direction of rotation of vector diagrami, 
i 157. 

! Iroi^ cast, heat conductivity of. 52. 

I heat' conductivity of, at right angles to 
I surfacNi of laminations. 56. • 

and cojipOr, tcmjHWture difference, 68 . 

i -euit'ka thermo-couple, 7. 46. 

! tiling making hole in mica tub(% 149. 

1 bias HI. • 

I excessive, 8 l». 

11114*0111,61. 

j lossi's, illegitimate, 70. 

I ineaKurtHl by inde]K'ntJ<'nl^iiotor, 60. 

} by retaniiitioii metlual, 72. 

i mi'asurement (»f, 69. 

i l»‘st, Kapp’s, 70. 

of nmgnetie l ireuit, ivluefaiuxs t>f, 324. 
j packelH of reactive, 387. 
j buturation forcing tlux »in( of le<'tli, 92. 
i effect of, in increasing eddy-curicnt 

I loam's, 09. 

j curvi', 9tl 


.1 

Jahman, l\. <!.. on ctnivi--- 

•lounmls, eddy currenis in. 133. 
JuhliHf (1. .1.. on ct)iiv<*r(cra, 383. 
on iicating, 38ti », 387. 
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Kajip iron-loss t 4 *at, 71. 

A'fip/n J)r. tUsbt rt, on HivpK nce of phases, 8 . 
Ki-tiillfj, Hr., tui velocity imlicabir, 111 . 

Kt'v not. atrimg t-nough, 147. 

Kinetic 4 >n 4 Tgy <if flywlieel, 222. 
Kineinatograph atrip iim'd on 4 iscillograpb, 
240. 


Kiiijser, J. A., on Khort-eircuit stray loss, 104. 




hi ('our, L A., on brush 4lrop, 303. 

I l.aniiniitionH hM»He on the spulcr, 424. 

! .if unequal thicklH'SS, 146. 

( Lap-wound armature. 19. 
j hill', A. //., oil device for inmniiig up and then 
I (liscuimocUng g4'nerat4jr, 114. 

I on measurement 4>f losses, 114. 
on n'lardatioti curves, 115. 
la'ading horn 4if p«»le, 249. 
j Ja^ukage field across armaturC slots, 175. 

I on inter-iMiles, meth4MlH of reducing, 348. 

Is! Carbone carlsm brushes, 3tl7. 

; Ix vi l-cumismndcd generator, 273. 

1 Lighting load omniiary eonviTUtr, 383. 

I Lighting-out set. 6. 

! JJghts, liickerinu of, ihreugh mstabUity of 
• exciter, 196. 

j Linen taiie, heat conductivity 4»f, 52. 

; Uners put under pol4?s. po. • 

! Load, maximum, of Byil)hronou8V'>t®f 

1 out breaking step, 179. 

current, magnetizatiJin of shaft bv, 136t 
j <iistribution on conipoumLwound iila4tldnei^ 

1 274. 

' lluctuatJhg, 345. #. • 

i interchange of, in A.Ct gcneratorii 214, 
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ho^A--{(onHnned) • • 

liroof synohronous motor, IW, 178. 

«bftHag of, 215. 

by synchroifbUE oonverten, 411, 41^ t 
, traotion, 345. 
true or« wattfol/ 214. 
wattfu], 414. 
wattl^ 215. 

Looub dJanamB, 174. 

of ByncfaronouB generator or motor, 175. 
Logarithmic spiral, 230. 

LosBes in bolto and bracing ring<«, 104. 
caus^ by mistake in o])eration of machine, 
,61. ^ 

oddy.current, in ond*p]at<», finger-plates, 
pole-face, and armature ctjnductors, 86. 
hysteresis and oddy-currcnt, separation of, 
86 , 00 . 

iron, measured by independent motor, 00. 

friction and wiudajp, 81. 

• illegitimate,. 70.” 

Kapp test, 70. 
measurement of, 60. 
by retardation method. 72. 
known, used to heat up the air, 113. 
on load—summation of losses on open- 
circuit and short-circuit, 62. 
load, measured by calibrated air-tempera- 
turo method, 115. 

measured by running-down or deceleration 
method, 72. 

no-load, on convertor too high, 370. 
on short-circuit, 104. 
strav, 69, 104, 115. 

total, on load, from measurement of cooling 
air, 105. 

M 

laobine, o|>on, 53. 

lagnetio attraction between armature and 
Held magnet, 130. 
oirouit, defect in, 290. 
reluctance of, to oross-flux, 210. 
reluctance of, for cross-magnetizing 
175. 

for demagnetizing m.m.v., 175. 
reluctance of, 175, 333. 

variation in. 355. 
saturation of, 203. 

oSeot on voltage stability of D.C. 
ffcnorator, 245. 

ooupTing between all bars lying in same slot, 

' 359. 

elfoot causing intermittent earth, 24. 
field of 1).C. generator, 279. 

measurement of its strength, 17. 
leakage, 424. 
effiMt on regulation, 208. 
transformer built so as«la have, 383. 
betweot\ polos, 195. 
method of finding a fault, 12. 
needle, 7. 

awing of, 17. 
neutral ^ane, 257^ 

^th, n^otaiioe cn higher for oross-niagnc- 
tixi^ flux than for main working mix. 
* 181. 

pobential, difference of: way of detecting, 140. 
pultf 131. 

4oereaiiing. 349. * 

^ aet—ning by shoe of inter-pole, 349. 


l{a^^sm,^resj[daal, 289. 

reven^, 2M. 

Mag^kation, cm a*:* effect on salient-pole 
, generator, 183. ^ 

curve, 203. 

curve| plotted for various speeds, 243, 245. 
of generator fitted with staoUity plate, 294. 
of shunt«wound generator, 251. 
at various si^eds, 244 
of shaft by field magnet, 135. 
of shaft byjoad current, 136. 

Magnetizing ampere turns of anna|4rb, 262. 
cross, effect at any power factor, 182. 
current too great, 424^ 
Magneto-poteniiumctcr, 181. * 

Manometer, mioro-, by Cramp k Frith, 109. 
tube, 109. 

Marchintt Dr. B. H'., current rushes m in¬ 
duction motors, 419. 

Measurement of air-flow, heating method, 112. 

known-losses method, 114. «• 

Measurement of brush drop, 336. 
of insulation resistance, 25. 
of load losses by calibrated air temperature 
method, 115. 
of resistance, 3,10. 
of three-phase power, 158. 

two-wattmeter meitiod, 158. 
of time, 85. 

of volts and ai^res by Cambridge k Paul 
Universal Tilting SeJ,‘2. 

Mechanical source of sound, 152. 

Megger, Evershed k VignoleB\ 3, 26. ■ 
Mesh-connected armature, S-phaso: ihtmber of 
conductors in, 203. 
system, 162. 

connection of transformer sccondMies, 396. 
total K.M.F. in, 98. 

Mctite carbon brushes, 307. 

Metre bridge, 5. 

Metropolitan-Vickers Electrical Co., Lid., 428, 
430. •• 


Mica, built-up: support of, 148. 
outtinfi^out, 299. 

cut out, effect on chattering, 317. 
boat conductivity of, 52.* 
insulation on conductors, 58. 
and paper wrap, 29. 
segments on commutator, 280, 281. 
tube, conductors moving in, 150. 

holes in, made by iron filing, 149. 
undercutting of, on commutator, 299. 
Milliammeter, D.C.: Oxbridge & Paul 
Testing Set used as. 2. 

MiUivoltmeter, D.C.: Cambridge k ^aul 
Testing Sot used as, 2. e 
distribution of, on polyphase arma¬ 
tures, 102. 4 

Miscellaneous troubles, 117. 

Moisture in insulation, 26. 

Moment of inertia, 220,4Q6. < 

of rotatinjg pi^, 74. ‘ ^ 

determination of; 75. * , 

Moments, method of, for ascertaming balanfe 
of phases, 200. 

Moiganite cwbon brushes, 307.** 

Morris, J. T. MacGregor, on v^ 

111 . • 
i Motion, uniform: deviation from, 223. 






ppM oil, »rr»n^ » give 

.I* »74»' 

ii j p w p c wj u|^bi0 iOg 373. • 

w^^fiation on a» 369. 

jowpfod to A.C. generator, 41^ 
sect ot Qommata^g poles on a, 370. 
eldVtreDigth la, 371. 

enerator, number of polbs on each machine, 

w4ii. 

Inaton nm in parallel, 412. 
idu^n, 4t7, 

^apidied Toltagc too high, 421. 
bre|kW down of insulation between 
tumron, 421. 

chpke eoU for protection of, 421. 
craw[Ung of, 422. 

magnetu^g Airrent too great, 424. 
maximum torque, 425. 
parallel oirouits in, 133. 
powoi*fadtor low, 424. 
power factor of rotor circuit too low, 421. 
pulling out on load, 425. 
rotor of, used as primary in tests for fault, 
31. 

short circuit on, 419. 


short-obording^f winding, 423. 

Starting of, 4lf. 
stresses on winding, 420. 
at synoh^ous sp^, 419. 
time !imit*on circuit breaker and seif- 
starting gear, 426. 

fgrt^ue proportional to square nf voltage, 

t(»qu 6 at staglbmgi 423. 
nitial friction of, 417. 

»riet winding on, 373. 
leries-wound, 374. 
power wasted in, 374. 
saturation of frame of, 374. 
short-circuiting of part of Held coil on, 
374. 

spaed characteristic, 374. ^ 

shunt-wound, 369. 
armature ri^istance of, 369. 
hunting of, 372. 
in parallel, 372. 
on same shaft, 372. 
iltp-ring, 418. 
squirrer-cage, 422. 
starting of, 417. 

switchra on when running at full speed, ’ 
419. « < 

stabilitv of, 371. 

■tar-delta starting of, 418. 

starling-: windings used as ch 4 jko coils, 378. 

Bjmohmnoufl, 185. 

^^ange of excitation of, 179. | 

circle diagram of, 170. ! 

coupled to A.C. generator, 411. I 

Hem excitation of, 179. 
impedaime of 177. j 

loadUne^f, I77,m ; 

maximum load without breaking step, 179. ■ 

S cited, 178. 

down of, 204. 

:at«oilit}|of, 176. 

. torque of, 171. ! 

'unw-exoited, 176. ' 


i Motor * 

synchroniAiB, V-curve of, 179. 

' vector diagram of, l^. . ' 

I takes excessive current Vt starting, 41 
1 terminals, voltage at, on startiag, 417. 

! tooth-ssturation on a, 369. • 

! MouUin, Af. A. 21. 
i Musical note, frequency of, 153. 

I notes, number of vibrations of, Tabla on 
I p. 1.53. • # 

i Mutual induction between coils lyuig in same 
! slot, 359. 

I . N , . 

! Aarlrr. JM, on determination of temperatuns 
47. 

I Xaliiuuil (tun titufine ('owfytnjf, 218. 
i Neutral, bnishes off the, 287. 

: 'kick/281. 
i line, 279. 

line, voltage distribution near, 261. * 

; mecliniiical, 281). 

I plane, 279. • 

I jwmt, 279, 282. 

I point on commutator, 281. 

; .Vmllr, iV., on calculating total 6ux across a 
slot, 93 n. 

j F, D., on temperature detectors, 69. 

j Noise, 1.50. 

cavities resonating to note, 153. 

: elimination of, 1.52. 

I made by higher harmonics, 151. 

; made by njien-circuitcd phase of induotkm 
motor rotor, 152 
I magnetic source of, 15U. 

mechanical source of, 152. 

! pneumatic source of, 152. 

; No-loftd ebaraeterisiic of A.(X generator, 182. 
losses, 81. 

on converter loo high, 379. 


Ohm-meter, Kverett hMgccumbe's, 3. 

Oil in bearings forming resistance to oddy- 
rurrents, 134. 

0|Hm circuit. 36. 
in high-voltage armature, 37. 
mesh-eonm>ct^l armature, 36. 
star-connected armature, 36. 
on Arnold singly re-entrant miilUplex 
winding, 39. 

on doubly and trebly re-entrant multiplex 
windings, 39. 

on ^wo-circiiit windings, 39. 

Open machine. 53. 

Oscillation, damped, 229. 

Oscillograph, 2B0. 

arrangn<i for short-circuit tost, 432. 
f(jr ronasurement of current and voltfffe 
431. 

kinomatogmph strip used on, 2 ^. . , 

record, 361. 

used to take Held firms on ifipolii 
used to measure voltage ripplra i 
machines, 433. 

‘ Out-door* cases, 1. 

Over-excited synchronous mutOf,.178, 
Over-heAing, 41. 

OveHoad on tyncbionous convsrtw* 4i( 
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P«per and mica wmp, 29. 

Paraltel ronuing of aiternaton, 218. • 

cxperimoniti at variouB voltages^ 241. 

Path of beat generated, 51. 

Peekt J. S.t on choke coUa for roddting current 
rush, 242 n. 

Pencil arran^d for taking [lotential distribu' 
t!bn of commutator, 284. 
markings on shaft, 118. 
on unbalanced rotor, 119. 

Petroleum residue, 292. 

Hiaso ilisplacontcnt of seiwratc phases, 198. 

{MMiitions of centre-lines, 173. 

Phase-swinging, 172, 224. 
amplitude of, 403, 40.'>. 
adjustment of frequency of, 232. 
damper effect on, ^04. 
effect on commutatumDf, 402,405. 
fH>quoncy of, 230. 
natural frequency of, 174. 

• [)eriod of, 230. 

I'csonanco in, 174. 
of synchronous converter, 402. 
theory of, 227. 
velocity of, 228. 

Phases, ohanuu in number of, 202. 

Hcquenoo oT, 7. 
unbalanced, 107. 

Pigtails or shunts, 318. 

Pitot tube, 108. 

l^eumomot(T, 110. 

Polar to the pole, 178. 

Polarity of converter, 378. 
when started, 377. 
of poles, 101. 

in oompound-wound motors, 373. 
wrong on D.C. generator, 280. 

Polo-faoes, 101. 

eddy-ourrents in, at no loud, 100. 

at full load, 102. 
heating of, 49. 
losses in, 80. 

by P. W. Carter, 100. 
slight widening of, 201. 

Poles, altenmto: spttcing of, by half a slot- 
pitoh, 300. 

on A.C. generator: different number in 
armature and field, 100. 

Ijt^vel the, 300. 

oeutre-Iine, displacement of, 171. 

mechanical uisplaccment of, 172. 
leading horn of, 249. 
liners put under, 290. 
maohino with salient, 181. 
number of, on motor and generator, 412. 
IwlMity of, 101. * 

polarity of, in compound-wound motors, 
378. 

salient, 210. 

effect of, 185. 
saturation,.effect of, ^411. 

•Itlt-, 385# * 

pverter with, 385. 

QohroQous motor: swinging of, 172. 
ig kom of, 248, 240. 
mren Btiunglb of, 333. 

UATBuly apw^, 333. ' 

ayst«m, balance of, 102. 


Polyphase system {continued}-^ 
oalanoed by ohoke-ooil,^94. 
by condenser, 164. 

9 po^r fluctuating in, f03. 

Positive reading of wattmeteif^i59«> 

Potentifd, difference of, 20. 
distribq^on around a commutator, 328. 
distribution curve on a commutator, 366. 

irregularity in, 366. 
drop in, 20. * 

clccirto: method of fault-finding by^op 
in, 12,16,18. • 

Power, alternating components of, llP l69. 
factor, effect on heating of synchrtmous 
converter, 385. yf ^ 

excitation required at given, 216. 
too low, 105, 387, 424. 
of rotary eonvoitor, 383. ^ 

of rotor circuit too^lowfVon induction 
motor, 421. 

fluctuating in unbalanced poly{)hase system, 
163. * 

wasted in serms motor, 374. 

Press-spahn, boat conductivity of, 62. 

' inventive * resistance, 381. 

J^rime mover: jmwer supplied by, 214. 

Pull, magnetic, 131. 

unbalanced: air-gap cllcct on, 131. 

Pulling over, 130. V 
i’ulsation, ways of combating, 302. 

Punchings, break-joints in: arrangement of, 
141. 

displaced, 147. 
eccentric, 147. 
loose, 145, 147. 

steel, heat conductivity qf, 52. 


K 

liadian, 158. 
liadiation of heat, 52. 

Kate of change of current, 321, 322. 

Jiayner, E. if., on determination of tempera¬ 
ture, 47. 

Keactance, 177. 

and starling motor fur self-synchronizing 
convertor, 378, ^ 

Ucttctivo effect of leading or lagging current, 
383. 

iron, packets of, 387. 
iron, saturated, in transformer, 384. 
Reciprocating engine; turning moment of, 
218. 

KMuctaucc of iron of magnetic circuit, 324. 
of magnetic circuit for £ro8s-magnctizing 
M.M.F., 175. 

for demagnetizing M.^J.v., 175. 
of magnetic circuit to cross-flux, 210. 
of magnetic path higher for cross-nu^ic- 
tizing flux than for mkiu working flux, 
181. 

Regulation, 207. 
curve, curvature of, 252, 369. 
delects, 268. 

down, 207,212. ' i 

effect of magnetic leakage on, 208. 
of P.C. generatom, 243. 
poor: remedies for, 212. 
up, 207. 

Uegulatoni, automatic, of Tirrill type, 414. 
Residual magnetism, no, 288. 
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UasWtanoe, 177« 
iunnAtlk«. 292. * 
breakdown of, oatuing fault, 22. 
uf choke ooil: inethbd of allowance for, 170 
“ cold,” ^re !l^ed to get, 50. 
of field wading too high. 195. 
high-, fault to earth, 22. 
increase of, as measure of temperafure. 49. 
inserted in series with brush arms, 330. 
line representing shunt resistance, 251. 

. i]UMurement of, 3,10. 
a?ii^ure of temperature of part of winding, 

pormai^nt, in circuit with main ficlil 
^ ourre^, 196. 
in roto^ci^it of motor, 423. 
thermometer, 49. 

fUwonauce caused by capacity in cables. 204. 
wfth forced ^ratK^n, 230. 
with higher Imrraonics, 204. 
in parallel running of altemators, 224. 
in ph^ swinging, 174. 

Retaliation curve, 76. 
curves by A. H. Law, 115. 
method uf measuring inm loss, 72. 

Reversal uf current, It. 

Revolution counter, 5. 

Ring-Avound armature, 1.3. 

Rippleg on coiiimutalng-)K)Io voltage, 
in main current, 3n5. 
suppression of, 324. 
in ^th, 206.' 
ap, tooth, cure for, o59. 

voltftte, on D.C. machines measuml on 
dMillograpli, 433. 
on tbe wave form. 352. 
amplification of; 433. 

Roberta, B. J. B., on micro-manomeler^JOO. 

RobtH^, 1)., on stroboseopio melluMl, 77. 7S. 
tm chronometer, 84. 

Rocker ring, 319. 

Rocking of brushes, 365. 

•••nn a motor, 370. 

Rogomki, W'., on <;op])er losses, 96 v. 

Rotary converter, see Converter, roPiry. 

Rotor, centre of gravity of. 121. 
critical speed of,* 119. 
displacement of, 131. 
distribution of mass on, 119. 
eccentric with the shaft. 132, 425. 
eddy-currents in, 419. 
frequency of vibration «>f, 119. 
geometrical centre of, 121. 
of induction motor used us ])rimary in tests 
for fault, 3f. 

'Spinning ” centre of, 121. 
squirrel-cage, 1.33, 

unbalanced : pencil markings on, 11.1. 

Ruimlig-down method of measuring los^s. 72. 

Bwcbf on skin r<‘sisl«nee lossi's, 


Safety in balalffiing. I3lk 
Salient polel, effect of, 185. 

Salimit'pole machine, 181. 

Si4urawn*bian'e, 90. ! 

effect <ff*in increasing cddy-current h<«ses, , 
• 89. • 

forces flux out of teeth. 92. 


I ^aiumtioii eum^Jamtiiitteil}** * 

I on heavy ov^rlM on convfsrter, 388. 

of interpole, effect of, 346. 

J oLiron of commutating pole on a motor, 

: ‘ 

of magnetic circuit, 203. 

I plate, 293# 
j of pole, effect of, 211 . 

! Series winding on motors, 373. 

I Series-wound motors and generatoai: 

; under Motors and (leneraiors. 
i Seventh harmonic in field form of motor, 422. 

' Shaft, detlection of, 118, 121. 

I detii'ction : dumping forces^of, 123.^ 

j magneti/.ed, 134. 

I by field iiiagncl, 135. 

! load current, 136. 

I marking with pencil. 118. 

i stiffiicsM of. 119, 124. 

! iiisuHicient, 131. 

I Sharing of loiui, 215. • 

I of wattless lowls, 216. 

1 Short-chtmling of induction inob»r winding,, 
i 423. 

I Short circuits. !10. 

I Short circuit chanictcrlst ic of A.C. generator, 

I 269. 

I of g»?ncrator, 182. 

j ('urnuit, 408, 232. 

i utuirr bnishcs, 267. 

I curve, 203. 

' in coils bcfor<^ assembly. 32. 

(lumjmcsK causing jiartial, 35. 
fuumi by dn)p in ]»otcnli«I mctluMl, 33. 
ill iiehl coils, 34. 

! ..f field coils. 194. 

i fouml by heating indhtsl, 34. 

j healing test for, 194. 
i induction balance for dcU'cting, 33. 

I on induction motor, 419. 

• intermittent, in Held coils, 34. 

j when parts arc hi‘atc<l. 24. 
i losses, 104. 

I shop t<‘Hts for. 31. 

telephone test ft>r, 32. 

I tests on altcniutors, 432. 

j .‘^hort-cireniting of burs of commutator, 14. 
i of part of fichl coil on series mobtr, 374. 

I Shunt circuit n*swlimc»* n*pn‘W‘nted by a line, 
i 244. 251. 

resistance, changes in, 292. 
j Slmnt coil conncctc<l wnuig way, 2K7. 

clamimcsH in. 291. 

I d*-fcctive, 291. 

o|a*ii circuited, 288. 
partly short-circuited, 291. 

: Shunt generator. m:e (bmerat'Or, Hhuiit. 

Shunts or Pigtaila, 318. 

■ Singtr, M., 'm cnd-plutc losses, 103, 

Single pliaw.' i>owcr components eliminated 
without ‘ liaJaiiw of jiliaww,’ 163. 
power from thitv-plmm* Mysfems, 164 «. 
Sir»'ii form***! by comluctiirs, 152. 

Slide rule: making sitilc on, 

temiK*ratiircs from resistaiwc of OcqnM 

m. • 

Slip, excessive, 423. 

frequency of, 417. 

Slip-nng, tAnporary, 23. 
and carl><*n orush, wear of, 306. 
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an Mmtdre, namber o% 402. 
bet^ number of, $ 60 . ' * 

Wpiy, IW.202. ' ' 

/ opw, 200. • 

1 per pole, t<wj few, 360. * 

' skewed;^ 

lowing down of generators on t^nebronoue 
motora, 204.. 

Smitht Dr. S. K, on armature windings, 402. 
on oaleulating total 6ux across a slot, 93. 
on efficiency of turbo'alternatr)r, I0r». 
on theory of armature windings, 198. 
on winding factors, 205, 353 v. 

Smoke^tost for lur current, 53. 

Soft copper on commutator, 290. 

Space variation of ^voltage on commutator, 
259, 263. 

Spacing of bruslics, 363. 

. of brush arms, 332. 
of commutator bari> 36^. 

Spi^^king at brushes, {t20. 

]iroccdure to cure, 364. 

. tm synchronous convertors, 388. 
Sparkographs, 356. 

Spear carmm brushes, 307. 

^petHl, angular irregularity in, 405. 
change m, 243. 

effect on voltage of D.Cl generators, 243. 
of synchronous converter, 415. 
charaoterlsUc of aerios-woimd motors. 374. 
cjintrol of synchronous converter, 416. 
of convertor, increase iron loss to adjust, 379. 
counter, 5. 
critical, 125, 129. 

of rotor, 119. 
flnctuations in. 292. 
limiting device, 415. 
measurement, 73. 
by stroboscopic method, 77, 79. 
rate of change of, ])ro|s>rtion<-d to Iohs('s, 74. 
regulation, 369. 

in synchronous Oi>nverter, 415. 
of resonance, 122. 
small changes of, 292. 
variation curve <if prime movt*r, 222. 
in parallel running, 226. 
on dead loail, 227. 
whirling, 122. 

Ipooder gear, 173. 

ipecxls, various : magnelizatioii curves i»lott«Ml 
for, 243. 244, 245. 

Ipider loose, 148. 

Iquintd'Cage motors, uve Motors, siiuirnd-caire. 
rotor, 133. 
winding, 133. 

ItabiUty of comisiund'Wound gctiorators. 274. 
of converter, exciter for giving. 415. 
of D.O. generator, exciter fi^r giving, 413, 
of D.(\ machines as iiffw'teil by ptmition 
bruaht's, 278. 
limits of, 176. 
of motor, 371. 
pl«te, 393. 

'C^^rna |M'r foie on gtmerator with, 




; ■'okarwteratio iif genoralor with. 2»4. 
n^lgetiutlon curve tif genorattw with, 

' ■ 4 »tlU»tl 0 B curve of, SK. . ; 

'.<if •jraobtonottc motor, I7t). 


ii ,; 

Star-connected ayitem, 182 . / 

Star connection,' third kftrtnoaie.''iii. 98. > 
i3tar-|g>int earthed, 99. -4 .. ’ , 

Starting of eynohronona converter, 97^. 
from D.C. buabars, 379. i-.. 

open^citcuit-breafcer immediately bmt 
cloaing A.C. awitchea, 380. ' - : 

current excessive. 376« 
of induction motors,. 417. 
motor and reactance for solf-syncnnaHonfi 
convortch .378. ^ 

resistance for convertor, 379. 
of 8(tuirrcl-cago mot«irs, 417. 
star-delta, of motor, 418. 
torque of converters, 377. 

Stator iron, spjjt in, 138. 

Steam, supply of, to eqgine driving Jt.C. 

generator, 214. f' 

Stfinrnetz, 0. P., on criterion of balance of 
loads, 163, KM. 16.5. ; 

Storer, t)n short-circuiting converter, 409.* 
Stray I<)8He8, 69, 104, 115, , 

ix'lation to short-circuit losses, 104. ! 
aStrcsscs on induction-motor winding, 4iff). ■ - 
Strip paper or copper to show brush sjuicing,' 

StrolM>scopic disc, Drysdaf^’s, 78. 

Koliertson’s, 78. ' 

images ap|)enring on, 83. 

I method of measuring speed, 177 , 79. ' 

I Sumjmer, Dr. W, on vi'ctdr diagrams, 15fl. 

' Swinging of f«)les fui synchronous mot65,.l72. 
tSyncliromjiing, automatic, of rotary cnafeijkci^' 

current, 232. 
force, 4()3. 

wif-. of converter, with starting motoand' 
ivactaiice, 378. 

with starting nuiKir ami synchroscope. 378. 
Umjue, 232, 405. ^ V 

Synchn)nou.s converter, nee Convertor, ayi^ 
ebronous. 

motor : muter Motor, 

running of A.C. generators, 218. 
method of investigation,*238. • ' 

Synchromma KjK*ed, induction motfir at, 419. 
Synchroai*o(H*, 378. 

T 

Tachograph, 240. 

records, 226. 

Tachometer, 5, 128. 

Ix'lted f<i machine, 72. «• 

lappings t*i slip-rings im converter, 401. 

unHymmetrieal, on conveiter, 401. ^ 

Tajw on transformer. 381. 

high-tension side, 383. 

Tayhr, //. U'., on eildy-cummts, 96 ». 

Teeth, armature : effect of saturation, 1&4 
excessive iron loss in, 61.. 
laminations of, 145. «* 

breaking off, 145. , 
cure for looseness of, 146. 
linger-platcs supporting. 145.'. 
vibrations of, 145. 
saturation of, 248. 

at full load, 250. 
vibration of, 146. 
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_I Sf tori lor 33i 

teri (or alriri rircuit, 32. *•■ 

(eating set, 3,21r 

Tenjperetore (time-) carves, 43. •* 

detoctone. V ^ewbury and Fechheimer, 


t/Ps 

iiSerenoe between copper and iron, 58. ■ 

differences can*^ by small oranges in 
arrangement of parts, 54. 

JisUibution in end-plates, 4^* 

exrossive, of field coils, 62. 

^filirmcr layers of deep windings, 62. 
ma’xnngi. 42. 

mean, mlasurod by thermo-couples. 106. 
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I)IA(;nosin(; of trouei.es in 

ELEOTJUCAE MAOIIINES. 


IN’l'KODITOl'KW. 

Til?; circuinstunces under wliicli iin eiiffiiu'er lias to deal witli troubles 
ill electriiail niachiiiery i'all into two iiiaiu classes. Tliere is tJic csase 
where a luacliine Jia?; aTrcady been in service and ojieratiug satis- 
fiictorily until some inisliaif) lu'inj:;s alamt the t roulih; to he investi¬ 
gated, and there is the case^wJicre a niachiiu^ gives trouble from the 
iinst day it is run. It is flea,r tJiat wliere tin; macliine iias already 
proved to be of sound design and. ujton tlie d'hol(', oT correct con- 
.stniction, the invi'stigations to be made are of a simpler nature tJian 
^ the case wliere the i«vestigator may be led to check ('vav element 
^n the coijstruction, and even to (piestion the validity ofcthe’design 
itself. 

(lases of the lirst clasi must often be dealt witli lui.lhe user’s 
premises, the mill, the mine or the sub-.station where no'-'.special 
facilities are available for making tests, luid as often as not the 
engineer who is hurriedly called,to (ind the troubW* has hail no 
opportunity of ascertaining beforehand wh^it instruments he will 
need or what kind of investigation is befoi'e hini. ft will be con¬ 
venient to speak of these as "out-door” casw, to distinguish t|ieni 
frmn “ works ” cases where every facility .is at hand to make a test, - 
and where the machine can be run or stopjied at rvill. ,, 

In dealing with the various ailments and defects in niacnincs 
wc are more especially concerned with " out-door ” cases, but it 
will be convenient to con.sider .some of the most imjjortant “ works ” 
tests directed to discover inherent defects in the niachincs undt'r 
consideration. It is not ■within the proviixce of tHs book to deal 
with /he routine of dynamo testing. There are already sevsr^l 
excelle.;/c bo^s which deal with the latter suliject. • 

W.I). 
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EQUIPMENT. 

Equipment for “outdoor” cases: TJie engiiider who is hurriedly 
Cijlled away iuul better not try*to take witli him everything that he 
may possibly wa*it. lie must rather, l^y the exereise of discretion 



^ I.—ITnivui’Hiil Tu.stin;' Sul nuulu \>y 'I'hu and Paul Suiuntific IhhI. C^'d. 

and foresight, coniine liis e(]ui])ment to artictbs tJiat are most likef^ 
to be wanted, Jniving regard to the nature of tlietroul)le as reported.' 



"'Sie folh)wjng instruments and ))ieces of apparatus have been 
ound useful in numerous instances, and should be at hand so that 
hey can be taken in suitable cases : 

(1) A Uniwrial Testing Set for measuring continuous currents 
and voltages (oter a wi<le range, say, from 1 micro-ampere to 600 
amperes and fr^om 01 of a milli-volt to 600 volts. Fig. 1 illusitrate^’ 
stich an instrument made bv 'riic (.'ambridge and l^ul Scientific 
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Instrument Co., whicli is very convenient iind reliable*. The scheme 
t)f internal connection.s is illustrattHl in Fio;. 2. •'I’he instrument can 
also be used as a bridge galvanonufler having a sensitivity of two 
.scale-divisions per micro-ampere. , ■ * 

(2) An Alternating Cur^fent Voltmeter, having the saales to 1.50 


iUl 


instrument 

% • 


niii.(!(» hv 



Kid. .‘K--Weston \’o|tinf‘ter. 


and GOO volts respectivelv. Such 
Weston Electrical In- - 
struinent Co. is illus¬ 
trated in Fig. 3. It is , ** 
also w(“ll to have a hiw- 
reading A.C. voltmeter 
reading up to aliout Co 
volts. An Alternating 
Current Anyneter to be 
ii.sed in conjunction with 
.series transl'ornu> will 
sometimes lx* needed tor 
■■ ont-door " cases. 

(G) An Alternating 
Current Wattmeter d('; 
signed to take 10(1 or« 

.500 volts aitd reading 
lip to 5000 watts, sei' 

Fig. 4. Tlie range of 
this wattmeter can. of 
course, be e.Ktended up 
Di) any amount by meatis 
•of voltuieter trails- 
Ibrniers and series trans- 
I'ormi'rs. 

(4) An Ohm-meter for 
taking direct ineasiirc- 
meiits of insukition re¬ 
sistance and other re¬ 
sistances. It’ig. 5 shows 
an instrument made by 
bkerett, Fjdgciimbe & 

Co. Ltd., having five ranges. The .same firm makes an. instrn-mlint 
having eight ranges which will measure accurately 'iiny resistance 
•i'om 01 of an ohm to .50 megohms. This is a most useful in.stni- 
ment for the tester to have at hand. ♦ , ^ 

.■\nother instrument widely used by the tester is the “Megger,” 
4)iade by Me.ssrs. Evershed & Vignoles. ft fi made Tor the following 
range.? expre>sed in megohms; 0-10; 0-20; 0-100; 0-200; 5-1(11)0; 
10-200(/; 15-5000., By the addition of certain parts it* may be. used 









• 
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fw itieasiiring'low resistanceH. Tliis (•oinl)ina1ion is known as a 
“ bridge Megger.” ' 



—<.Mnn-inctcr l»y Ivlgcunilu- & ('»». lii»nst)f()hni-nu!lo: 



Fio. ().—Mfin* hi'iilgc arrangod to find a fault in u Hold circuit. 

a »» 

15 ) A metre of German-silver wire mounted on a board witli 
suitable slidii,ig'eontaet to be used as the variable arms, of a ^Wheat¬ 
stone bridge. It is convenient for some pui'jjoses to arrange the 
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mounting so that tlie last two centimetres at each' tnd o*f tlie. wire 
can be short-circuited, and so tliat two copper flexible cables, of the 
same resistance as the short length* of (Tcrman-silver wire thus cut 
©lit, can be used as connecting cables. 'Phese twp cables are shetwn 
diagranlmatically at AO aSul IjD in Fig. 0. 'Phis plan ejiables the 
bridge to be connecteil to any part^of a dynamo and (firect readings 
to be taken of resistance I'atios witli(mt*’making any correction for 



I’k.-. 7. -IJoviiItHiim counfor mtulc l>y L S. Starrat ('<>. 


tlic resistance ok,the cables. If, in taking a reading, it is i’oimd 
that the slider conies too near one end, say, end li in Fig. <i, the 
o])]K)site end A is di.sconnccted from the end of the winding that is 
being tested and reconnected to a point in the winding much nearer 
t* /i. This ])rocess can be rejieatcd until a reading is obtained near 
the centre of the .“<ad(’ or it antiears that the resistance in the B 
branch is zeyo. 





Fni. 8.- I’culablc litclx'Miolcr tiitultr by llir IOIcc(rical fiislriitiK^. (’<•. 

(0) A Revolution counter and a Tachometer. S])ced countcve*fall 
into two clas.ses: (1) the revolution counter such as is illustrated 
in Fig. 7; (2) the direct-reading speed counter in which a pointer 
moving over a scale gives an indication of the spctd.at any in.sta^Jit.' 
As the revolution counter is much more ])ortable, itjs the one which 
‘is most generally used by engineers. 'PBere are cases, however, 
when it is necessary to know the instantaneous sliced. In those 
cases, a tachometer such as that illustrated in Fig. 8 is convenient. 
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t On page ii the Stroboscopic Method of measuring speed is 
described. For many purposes this method is more convenienf 
than a tachometer. ' 

■ (7) Resistance .and Voltmeter points: These constitute what 
sometimes aalled a “lighting-out set” ft may conveniently consist 
, of two lamp*-hol(lers connected, in scries, designed to take either 
110 or 250 volt incandescent lamps (see Fig. 9). These are connected 
;it one side to flcxil)!^ cable, say 10 yards in length, sufficient to 
stretch to the positive terminal T \- of the power supply, and 
connected at the other side to a steel point P-\- attached to an 
insulating handle. Another steel point P is provided with suf- 
ftciei^t cable to stretch to the negative terminal T— of the supply. 



* Fio.[0.—“ Tdghting-oHt sot ” atlaptod for a variety of tests. 


It i.> convenient to have two voltmeter wirps connected to a 
lamp-top .designed to tjt into the bayonet-socket' lamp-holders, 
so that a yoltmeter caft be connected instead of a lamp. Another 
short-circuiteef lamp-top Jiiay be piovided for use wlien only one 
lamp is inj;ircult. 

(8) Poriable Accumulator capable of giving 20 amperes at (> volts 
' for‘ojie liour. 

(9) A Compass l^eedle pivoted so that it can work in any plane. 
See Fig. 9 a. 

*■ V, (10) A Noiwnignetic Stop-watch. 

' (11) A Slide ^Rule, 

(12) Thermometers. ' . 

‘ ^13) Thermo-couples arranged to be used in conjunction ^wth a 
milli-voltmeter. These may be made of iron mnd eureka wire, 
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and calibrated in an oil bath; An iron-eureka junction at ordinary 
temperature gives an e.m.f. of 
about 57 micro-volts perdegree 
Centigrade difference of t<jm- 
perature between hot and cold 
junctions. The calibration 
curve is almost a straight 
line. 

(14) A Telephone which can 
be connected to two coils 
arranged as an induction bal¬ 
ance (see Fig. 10). A suitable 
c.vciting circuit can be made 
up from a four-volt battery a 
resistanci; of 0-5 ohm, a rough 
file and an ordinary bradawl 
with which to scrape upon the 
lile (see jiages 21 and 32). 

(15) Several Frequency 
Meters, each giving djrect read¬ 
ings over an open sc.de on 
both sides oT a standard fre¬ 
quency. The instrument illfis- 

trated in h’i<C 10.\ is suitable I'ln. aA. -Ci.mpa.ss iimllc iimunl.i iUo swini; in any 
, , posilion. 

lor 2 i cycles. 

(Ki) A Phase-rotation Indicator, such as tiuit illustrated 
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Fig. lO.— Simple arrAngemont of induction balanco for iio.t.cctin" the position of faulta. 


in Fig. lOir. The clips attached to this iiisfruijient can be 
readily elipped ©n to the terminals of a low voltage 3-phase 
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circuit and the instrument gives at once tlie rotation of the 
phases.* • ' 

(17) A Hand Lamp with guhrd cage wll be useful in dark situa¬ 
tions when -no otlter portable lights are available. 

(18) Set. of Trammels or big dividers having a span of 15" or 18" 
, provided with a lock for fixing very positively the distance between 

the points, and also provided with a fine screw adjustment. 

, (19) A Box of Coloured Chalks. Wliite, green, blue, and red. 




IOA.-*-l‘'rc*qiiPncv nu’lcr niadr by llir Kic. lOii.—lihase-rotalion indioafnr inado by 
Klf'c. Jiint. Co. Kvoiett, Edgciimbe & (?o. 

In addition *to* these, various measuring instruments will be 
required in special cases^ These will be referred to later as the 
cafes arise. 

For comni4,itatv,)n work, special apparatus such as that described 
on p. 282 may bii required. 

Ulienever possible the engineer should take away with him 
6opies of any ettrves that give the results of tests taken on the machine 
in question. If these pre not available, he should get from the 
designer particulars of the resistances of the various parf^s, th^ 

Pr. (Jiubci’t Kapp on “The Detennination of the Sequence of Phases from 
Wattmeter Kcadings,” Jour. Imt. Elcc. Engrs, vol. 65, p. 309. • 
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normal exciting current and sucli otlier data as may appear useful 
•Much time is often saved by having these data at hand. 

In cases of difficulty it is a godd ])Ian to have a cliat with th 
designer, who may know somethiiiff of tlie iiluwviicrnsies of th 
machine. 


GENERAL (sriniJiK ur I'lllS 

It will be convenient to begin with the cmisideriition of trouble 
that are common to all cla.sses of (lynanio-electric maehinerv'. and 
after liaving disposed of these in a few ]»reliniinary chaliters, ti 
consider the ills that are peculiar to various kinds of machines ii 
chapters assigned to the kinds of machine in quest ioij. 
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liKEAKDOWN OF INSULATION. 

KAULT TO KAirrjI. 

SoMKTiMKS there is ii (dear indication of a lault to'earth, and some¬ 
times tliere is mily a suspicion of an intermittent fault to earth when 
the macdiine is in operation. 

Permanent fault to earth. 

In cases where an inspection of the machine fails to reveal the 
.position of tlie i'ault, tlic first step is to find its position by sonjie 
electrical or magnetic means. 'Two (dasseii of metluxls are in common 
use: (1) Bridge nurthods, and (2) “ Uiiection of flow" methods. 
To these may lie added (3) " induction-balance ” methods employing 
an alternating current and a tcli^plione. 

Bridge faetlmds of finding a fault to earth. 

• If we are dealing'with a circuit on aiimudiinc whicdi has only 
two ends^ Si«di as an ordinary field circuit, we may make the con- 
nciddons as shown i.n Fig. (i. In this figure, six coils of a field circuit 
are. sliown, the two ends being at .1 and H. T’he cables from a 
metre wire Cl) arc connected to tjie terminals A and B, to whiidi 
are also connected terannals of a galvanometer C. One of the 
tenninals ,of a.fi acc4imulator or other battery is connected to the 
framework of f ire maidiinc, whiidi in this case represents earth, and 
after the galvanometer liAs been shunted, the other terminal is 
conlificted to the roving point on the metre bridge. Contact is 
made with th(?‘mefre win; in the ordinary way, the galvanome.tcr 
key depressed to see if there is any dellection, and the roving point 
nj^ivcd along Ci£)»until a position is found at which no deflection 
of the galvanometer occurs when the key is depressed. 'Then, taking 

the jratios of tliQ resistances, we have where a is the resistance 

, do* 

of AF and 6 is tlie resistance of BF, F being the position of the fault. 



11 


BRKAKDOWN OP 

If, as in Fig. 0, tlie lengtF of c is twice tlie lengtii of'd, the earth in 
the field oircnit is most probably near the point indicated, a break¬ 
down most commonly occurring ncitr the terminals. The branch a 
(imtains four field coils and the branch /> two field coils. This is oii 
the assumption that all coils and tlic* connections between them 
have the same resi.stance, and all cpil^ are in circuit. If any of the 
coils are wliolly or partially short-circuiied (there being, say, tw'o 
fatdts to earth), or if the resistance of the joints in the field circuits 
is unduly high, the fault may be at a point other than that indicatetl 
in Fig. (i. 

If the above test does not lead at once to the discovery of the 
fault, as, for instance, w'hcro it indicates that the fault is somewfiiere 
inside one of the coils, the next step is to disconnect tjie wares of the 
bridge aiubgalvanometer at the ])oint A and move them to a point 
nearer to A' but still gn the sanni sith^ of F. A mnv ])oint of balanca^ 
liavang been obtaflaal on th(> bridge, and the jiosition of F being now 
more definitely asceitaiiied, the. biidge war(! and galvanometer wire 
are moved from li up to a point iMMia-r to F but still on the sanuf 
side of it. This wall, in gcaieral, bring the terminals of the bridge 
and galvanometer to the tw'o terminals of a coil, and when the 
balance is obtained upen the bridg('»W(‘ have a pictty clear indica¬ 
tion as to hdw' fir from Tme of the terminals of the coil the fault 
exists. . • 


Direction of current method. 


This method is based on the simple fa.i't tlia.t if a.n electric, current 
is fed into a conductftr at both (aids, and drawai out at an^ inter- 




Kli:. II. 


ifiediatc ])oint, that point can be detecleu as we pass-aiong rue 
conductor, because it is the point at which tip* direition ofcihe 
(airrent is reversed. Let current be fed into the condiu tor AB at 
A a.nd B, and let it escajie to earth at F, as in Fig. 11. Siqipose we 
hai'e some means of detecting the direction of tHe -current at as^ 
]Kiint along the wire, and that w'e make observati(jps at successive 
])ointg. Beginning at A we observe that the current at first flows 
from A towards F, but as soon as we pass F the direction of*thc 
current changes. • Thus the point F is indicated although it may be 
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]?i(l(lcn from -^^iew by the structure of the machine. There are two 
common way.s of ascertaining the direction of current at any point 
of the conductor : (1) by the lAagnetic effect, (2) by drop in electric 
potential. . Wheri a milli-voltmeter is available, the drop-in-potentinl 
method will be found the most ccryvenfent: but in the absence of 
a suitable \^)ltmeter the magnetic method may be useful. Where 
the conductor is of fairly'simple form, as where it is part of the 
jumature winding of a low voltage generator built up of bars 
eml)edded in slots connected l)y copper end connectors, it is 
possi))le to oljserve the magnetic eifect by means of a compass 
needle lieid over the slots. 

The ‘magnetic ^method. 

In making use of the magnetic field around an armature to find 
the position of a fault in the insulation of the conductors, two stages 

A 



1*2.-- Shcwiii;: liow lu a jirammc rin;^ a |ml(! ix jiroduml near tlio poiiit wlioiv 
"ic ciirr(‘nl oscjipcs at a fjiult. 

ill the enpuiiy‘can be difTcrentiated. We may iiive.stigate («) tin 
distrilnition of the field ilroiiiid the armature as a whole, (b) th( 
lo(*.\i dist ribution in the immediate vicinity of the slots. For botl 
stages the besT plan is to pass current from the conductors througl 
the fault to the frame, so that the flow of current in the conductori 
Hjay be such .ai# to produce a distribution of magnetic field si 
distinctive in its character as to indicate the position of the fault 
In stage (n) the main* principle made use of is, that when s 
ciiil'ent is led hito and out of an armature winding like thal of t 
D.Cl armature,^magnetic poles are produced at th« points where thi 
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jurrent enters and leaves the armature. The sinJplest case tp 
(onsider is an ordinary ring-wound armature, af» shown in Fig. 12. 
It is seen that if current is fed in'ivt A and out at B, poles are 
Dfoduced at A and B. If^ we have a fault to <;iirth at B whose 
position is unknown, we can piiss currt'iit into the conductors at 
any point A and obtain ii return (urciyt through the irbn, the fault 
acting as the point B in Fig. 12. If we’are‘dealing with a ring- 
wound armature and passijig an ascertained curnmt, say 10 amperes, 
it will be found that the nearer the point A is moved to the point 
diametrically opposite to the point B, the stronger the magnetic 
field will be. If A and B coincide, no ])oles are produced on the 
armature. 

If, however, as is more usually the case, we are dealing with a 
drum-wound armature, which is wound for a detinitis number of 
poles, and therefore has a definite coil span, it will be found that 
the position of A Yelative to B, which gives the st rongest magnetic 
field, is exactly the throw of a coil away from B. If A is ]mt; at. a 
point some distance from B on a multi-jiolar machim', a imle will' 
lie produced at B, and a pole of opposite sign on each side of B ; 
but no increase in the strength of these poles is jirodui'cd by increas¬ 
ing the distance betwee* A and B b;^iiore than the throw of a coil. 
When dealing with a imilti-polar l).(t drum-wound armature, the 
procedure liy method (a) to feed in current at any commutator 
liar and take it out from the spider, and then search around the 
arimd-iire by means of the double-pivoted comjiass needle for a 
well-deliiied pole of opposite polarity to the pole jiroduced by A. 
When this has been r^ighly located, wai should remove the position 
'of A untH it is the throw of a coil away from the. sup])osed position 
of the fault. It will iiow»be foimd that the jibsition of the ])ole is 
more clearly defined, and w'e may proceed by metliod S^'t at 
the ])osition of the fault more exactly. 

If we turn the linnatiirc rounil in its bearings so that the fault 
is at or near the top, and hold tlie double-jiivoted compyss needle 
(Fig. 10) so that it can swing in a vertical pline and at a (jistance of 
about 0" from the armature, we shall iind thaWlre tnaguetic lines 
from the pole in question are at that ])oint almost vlirtical and at a 
gteater distance curve round to the yioh? of oppo.sitc sign forming 
what we have called the general field around the armature. JliVe 
now lay the compass down on the working face orthe armature 
with the pivoted axis vertical so that the needle can only swing in 
a horizontal plane, we shall find that in addition t^ tk(! general iicy 
around the armature there is a local field extending from tooth to 
tooth, and the compass needle in this position, if only separated 
from the armature by a piece of fuller board a milirmetrc thicl^ to 
give it a level surface to stand on, will be coJitrolled in its movements 
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almost entirely by this local field. The direction in which the N- 
seeking end of the needle points from tooth to tooth is now an indica 
tion of the direction of the algebraical sum of all the currents in the 
slot immediately i)eneath it. To make the indications positive it k 
best to put, the pivot of the needle, dii'cbtly over the centre line of 
the slot and‘turn the artnature .round on its bearings until the slot 
in que.stion is u])])ernlost dn tlie armature. We then apply the rule 
for the direction of magnetic field aroimd a conductor carrying 
current. 'I’he dire(;tioi\ of the magnetic field around any (amductor 
carrying a current is easily foujul Ijy gras])ing the conductor (or 
imagining the conductor to be; grasped) in the right hand with the 
tliiimb pointijig in the direction of the current, then the way that 
the fingers poyit around the conductor is tlic way that a jV-seeking 
pole will travel. Tims, if wc place a compass needle over a con- 
Juctor in which the current is going away from us, the iY-sceking 
pole will point to our right, but if the needle is bcKiw the condiutor, 
the N pole will point to our left. If each slot only contained one 
conductor, the iinding of the fault by this method would be extremely 
easy, because it would only be necessary to pass from point to point 
over the slots until we came to a plaiai where the direction of the 
needle reversed, and that woul^l at once indicate the position of the 
fault. 1).(J. nnichines, however, are usuif'ily wound r<ith two coil 
ddes per slot, and most commonly (aiutain several conductors on 
sach coil side, so that the indications are not as marked as they 
would be if we were only dealing with one condiutor. ^ 

Simplification of current distribution. In order to make the 
indications as positive as po.ssible it is as welHo proceed as follows : 



Fia. 13.—Slj^win^nicllioil of short-circuiting cross connectors on a 1).C. armature. 


Find out from inspection or by reference to the design records, 
> ^lich c.ommutiit«r bars are conncitcd to equali.sing rings. Connect 
all these bars together eleitrically. This can conveniently be done 
by fitting over*the connmitator a sleeve of thick paper in which 
slits have beeircut to lie opposite the bars in question 4see Fi§. 13), 
then after luu’ing wrapped a band of bare copper wjre of two or three 
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luijus romid tlie commutator, push some pieces of rehsonably thicjc 
copper wire between the commutator bars in question and the copper 
band so as to make electrical connecitiou between them, and tighten 
up the band until it grips these pieces firndy. We now pass current 
into this copper band and dlit fiom the tqjider of the anujiture. Tlie 
state of alfairs null be easily understood 1)V reference to Pig. 14, which 
shows a part of the development of a dTum-wound armature 
having 12 slots per pole and a coil throw of 1 and 12. Thus it is 



Fill. M.—iiiotlind ,,f jta.ssin^' cunviit frum all omncrtiT tliroujrh part. 
f>f the wiTidiii;^ to a fiiiilt. 

short-cdiorded by one slot pitch. Fig. 14 shows the armature coils 
as though eaclucontained only ouf turn. This is convenient for the 
(irst step in the argument and for showing the general distribution 
of (uirrent in the armature coils as a whoh;. Afcu' illustrating this 
wo rvill pass on to Fig. 15, which shows (aiils containing 3 turns per 
etiil (making (5 conductors per slot), andhrom a figure of this kind 
we can study more exactly how the current is distributcul in all^the 
mnductors lying in one slot. Fig. 14 shows the sfx cftjss-c.onnecting 
rings short-circuited at S, and the conductor connected to the frame 
rt E carried to a battery and through a regulating Resistance li 
S. Jf now wo have a fault F, it will be seen that current will flow 
"rom E through R and <S to the cross-conn«cting rin^, but as these 
are al4 at thg same potential, the only rings that will carry curient 
will be those numbered 3 and 4. TJie current which passes from 
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l!)C iiniiulun! \t'in<liiig to F y)ii.ssc.s along the conductors as indicated 
hy llie arrow-heads in tin; figure. The main object of short-circuiting 
all the (Toss-connccting rings is to reduce them to the same potential, 
so tliat no other (;urr(>iits puss in the armature than those indicatod 
by file arrow-heads. If we. w(M'e to pasif current into the armature 
_ winding at only one poiid.. we, should have an exceedingly com- 
jilicated current disti'ibutrbn, because there would be many paths, 
each having its own resislance, by whiih some current could find its 
way to F. I/I Fig. 1-1 (hi^ thick lines re])resent the coil sides lying 
111 iJiii iijipor part of the slotH, and the tJiiii lines coil Hides in the 
lower part. \\e haa'c shown the fault in a lower conductor, but the 
same argument would apply if it were in an upper conductor. It will 
b(> seeri ( hat by reason o'’the short-circuiting of the cross-connecting 
rmgs there an* only tu'(» hands of conductors carrying current aji 
upper band on the left and .a lower band on the right. Thus there 
IS no magiadic e(lec(, (rom (lie u])])er conductors«on tJie right, and 
we can lea.v(^ lliem out. (d' account. TJie most usual jilace i]i the slot 
' lor a, lauK. lo occur is at or juair (he end of tJie armature iron. Jf 
I here IS only mie conductor yier coil side, we see from Fig. 14 
(hat i( can be (juite easily located by the comyiass needle indications 
without interlering with the jnsulation ol'„the armature, and its 
position may (hen be very ymsitivoly astertained bv the droi) in 
potential method described on yiage 18.,, We now come to the (aise 
where there are a number of conductors’jier coil side, say (f. as in 
rig. lo. I his ligure is (Irawn on the assumption that the com¬ 
mutator IS on the lower side of the figure and the cro.s.s-conneirtors 
on (he^oivposite side. For simyilicity, only it few of tlie coils are 
sliown. and the scale has been somewhat distorted in orde.r to open- 
out the conductors at. tlie yiarts under .consideration. It will be 
seen, ho\vg-/,'r, that (he genera.l distribution of curreid taken in the 
colls as a whole will In- (he same as in Fig. 14: that is to sav, 
the short-circuiting of the connecting rings will bring about a dis¬ 
till.ution which gives us only (wo bands of coiulMctors canyim' 

• "''""‘Iv. a ban*l of uppt>r conductors on t he left (only some 
o wjiich are .s’jmw-a) and a. band of lower conductors in the middle 
o the (igiiK", (ne main y.oint being (hat there is no current in the 
uy.per coufluctors in the middh' of the ligure. By exploring witJi.a 
cotupass needle in tin' vicinity of the magnetised teeth and bv 
making a dia^rani of the directions in which the current flows in 
each cod, there is very little ditiieulty in a.scertaining the j.osition of 
^K' built. till', rule being that the current flows from two eross- 
comiectmg y.oints n.'arest to the fault along the conductors through 
the lau I lo earth, 'fluv current distribution shown in Figs. 14 and 
Io-can be employed in (Inding the i.osition of a fault kv the chmi in 
))otential method deseribed on page 111. 
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Three-phase winding. In finding a fault on a'3-phiiw stan 
•onnected winding by means of the coniiia.ss needle, the lie.st itlai 
is to eonnect all the outer terminals*together and coimeet these t( 
tki star point, and then to pass eurrent from Ihis.eommou junction 
through the fault to earth.* In Jhis way-the current ])a.sH‘s through 
one ))has(! only and makes the iudicatioiis much sim^fier than il 
some current is ])a.ssiug in all the phasic. Ou a uiesh-counected 
armature it is only neces.sary to connect .ill thret' lermiu.ils together 
a.nd pass the curretit from the.se lerniin.ils through tin’ fault to 
eartii. 



Measure of the strength of the field. In some ca.ses ])osit ion of 
the fault is onU'* indicated by a clwiuge in the .strength of tlui )nag- 
netic lield. The.se ca.ses are be.st attacked In* other methods, siicli 
as tlie bridge method, j>age 10: but it is siunetii-.-w;'; [fossibh^ to g(d 
a very certain indication of the position of the I'aiflt. by_roughlv 
mmsuring the .strength of the magnetic In'ld♦cross the t(?|) of the 
slots in the following way : Put the compass nei'die near the ])omt 
where the fault is suspected, so tliat its pivot is directly ojiposite 
tJie centre line of the slot and at ;i deliniti' distanc(* from the mouth 
of the slot. Allow the needle to swing on its ]iivot* ihkI by means*i 
of a stop-watch note roughly the time taken to nialjc live swings. 
Now put the needle down a little further (*long the slot with its 
pivot oppositt'. tlie centre line as before, and at the s’lme distance 
from the mouth of the slot. Again take the time of'five swings. 

«.ii. ji 
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J^f it is tJic ilarfie as before, move to a further point, and so on. As 
soon as you pass a point where a considerable fraction of the current 
in tlie slot is goiiif! to earth, a flJiange in the tune of five swings will 
be noticed. The periorlic time of swing varies inversely as the 
square root of the .strength of the field.* The strength of the field 
across tjie imruth of the slot depends upon the strength and direction 
of the current in each ^on'luctor. Suppo.se that there are two 
conductors per slot, and that the fault to earth is in one of them, 



Fm. Jf). 

• 

so that the (airrent flows as indicated in Fig. 10. At one side of 
tlie fault the magnetic ciTects of the currents are added and at the 
other they are subtracted. W(! shall not, in general, find that the 
magnetic field is zero over the part of the shd where the currents are 
subtracted, becaiuscc the (airrent going into the fiuilt is not. in genei'al, 
equally divided between the ccTniluctor to the right and *1110 conductor 
to the left, moreover, the magnetic effect of concluctors in the vicinity 
always produces a field whicli affects the‘compass needle to a certain 
extent. Nisvertheless, wdien there are only two conductors per slot, 
the difi’erenca! in the movement of the needle is usually so marked 
as to (tearly indicate the position of the bre»k in the insulation. If 
thcM'e fire fefur conductors per slot with the current llowing a,s indicated 
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in Fig. 17, th(> fic'id to the left of the fault wall be twice as strong as 
the field, to tlicc right. The compass needle wall take 1‘41 times as 
long to nfake live swangs on the right side as it takes on the left side, 
ami this wall be .sullicient to indicate that the fault is there. 

Drop in potential method. 

One of the liiust accurate waiys of finding the direction of flow' 
of a current ip a conductor is by bringing into contact with it two 
voltmeter points as showai in Fig. 19, and noting the direction of 
the voltage hetw'een them. This can conveniently he carried out 
by means ot the amiaratus shown in Fig. 9. The measurement of 
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the drop in a conductor of known length and sifc has a great 
jidvantage over the magnetic method in that it is much more 
exact q\iantitatively. • 

. In dealing with a lap-wound armature liaving a great number 
of circuits in parallel croSs-cojineeted in the usual numner, it is 
not necessary to go to the trouble of short-circuiting the cross- 
connected points, because, although the distribution of current in the 
armature is exceedingly complex wlien we feed the current into the 
winding at one bar of the commutator and tjike it out at the fault, 
the fact that we liave an exacjt quantitati\'e metlioil of measuring 
tlu! drop between the consecutive bars and tlu' commutator enables 
us to find tlie position of the fa\ilt. fairly easily. The prima^jle to 
he made use. of is as follows : If the current is fed itgo a bar which 
is connected to the winding at a ])oint diametrically oppo.site the 
fault, it would divide equally between the ])arallel paths from the 
])oint in question “to the fault. If, on the other hand, it is led into 
a i)oint of the winding near the fault, most 
of the current will go by the .short path 
from the feeding-in point to the fault, 
while each of the other paths will carry 
a smaller current. 'We mu.st further re- 
mendier that the cross c(wne(tors tend to 
eqiialise the potential of ^dl ])oints to . « 

wliicli they are connected; .so tliat when 
the current is fed into the winding at a 
point almo.st diametrically opposite to the 
fault the (uoss connectwrs will short-circuit ^ 

most of the armat ure winding proper be- ‘ ’ 

tween the region of the f(je,ding-in jioint is, i,..wroiiiiin!voitim‘U'p 
an.1 the mgion of the limit. We shall 
tlierefore find that in the vicinity ol 

the feeding-in ])oint and the fault the drop in ])otentia.l between 
consecutive barsi on*the commutator is very much greater than in 
the regions in between. The jilan, therefore.tis to hied current into 
the winding at any commutator bar connected to.-a cAjss-cqiinecting 
ring and take it out at the fault. Maintain this current constant. 
After shunting the galvanometer, nu'.asure the drop in* potentia 
»l)etwecn consecutive bars at various points around the comufu- 
tator. The armature detector made by h]vendt,*Edgc.uml)e & Co. 
Ltd., and illustrated in Fig. 18 , is very useful for this purpo.se 
because it is protected by means of a resistance whiidvsan be cut oq^ 
when only a small deflection is obtained, and is thus not so liable to 
be burnt out. It will be found that at one legion of tlie commutator 
the drops betjreen bars are much higher than at otherqrarts. This is 
in the vicinity of the fault. Kee])ing one voltmeter point in the. right 
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hand and the other in the left, bring them down on two consecutive 
bars and notice whether the drop in potential is positive or negative )i 
then pass to the next two consectttive bars, still keeping the left to the 
left and the .right to the right and again notice the pokrity. Continue 
this process.until the potential reverses at a certain pair of bars. The 
fault is then'in a conductor connected to the bar which is common 
' to the last two readings.' Tkus referring to Fig. ;5, commutator 
bars to the right of bar 1 are higher in potential than bar 1 and 
bare to the left of 3 are higher than 3. As we pass from I and 2 
to 2 njid 3 the reversal occurs. Thus the fault is in a conductor 
connected to 2. If the reading obtained between bajs Nos. 0 and 1 
be taken as unity, and if we denote by d the fraction of this reading 
obtained between bar.S'.2 and 3, it will be found that the fault lies 
at a point 1(1-d) of the section of the winding away from bar 
No. 3. Thus, if the reading is zero, then the fault lies half-way 
between 2 and 3. If the reading is - J the fault lies I of the section 
away from bar No. 3. It will be found that with a sensitive galvano- 
■ meter, such as that used with the universal set. Fig. 1, it is possible to 
get an indication of the direction of difference of potential even when 
the difference is only -Of of a inilli-volt, so that if 10 amperes is being 

^ passed through the conductor, one 
can measure the drop in potential in 
a short length having a resistance as 
small as a‘ micro-ohm. This enables 
us to measure the drop in potential 
in an exceedingly short lengtii of 
comluctor. Having found the ap¬ 
proximate position of the- fault by 
observations on the drop in potential 
between bars, we can proceed to take 
the drop in a short length of an indi¬ 
vidual conductor in the armature 
either by pricking through the insula¬ 
tion of the conductor or, where our 
apparatus is sufficiently sensitive, by . 
'' making use of the short length of 
bare conductor which is usually found 
ne'itf the commutator neck as illustrated in Fig. 19. If, for insfence,* 
the armature’cojuKuctor has a cross section of 0-1 sq. cm. it will have 
a resistance of 17 micro-ohms per cm., so that the drop in 0 5 cm. 
effien 10 amperci^ is passing will be about 85 micro-volts; and this is 
quite sufficient to give an indication on a sensitive galvanometer. 
Referring now to Fig. IS, we see that if current is fed in at any part 
ofthc winding and taken out at the fault F, commutator bat No. 1 
is at a higher potential than conmnitator bar No- 2, while com- 



« ^ ^ 

Kin. 19.-- vf tracing tlinnigh 

(Jiivclion of u'lrrcnt in u D.C. rtrinatni-c. 





BREAKDOWN OF INSOLA-ftOK 21 

mutator bar No. 2 is at a lower potential than commritator bar No. 3. 
•We therefore arrive at the conclusion that the fault is in a conductor 
attached to commutator bar No. ?. 'Apply now the voltmeter points 
to the ends of the conductor^marked F, and we shalLdefinitely find that 
the current is flowing in from bir No. 2 towards F, and inihrough bar 
No. 3 towards F. If we now prick .through the insulator at the ■ 
opposite end of the armature, we shall find definitely that the fault 
is in the half coil lying in the bottojii of the slot. . 

When current is fed iiito any point of a two-circuit armature 
windijig and led out at the fault it finds ojdy two paths through the 
armature. On the .shorter of these two paths the drop in potential 
between commutator bars is greater than on the longer. TJjis in 
itself gives a rough indicatioii of the position of the fault relatively 
to the feeding-in point. The method of finding the exact position 
of the fault is the same as with a lap-winding. 

Another very'simple method, which has been pointed out by 
Mr. E. B. Moullin, is to pass current from any commutator bar 
through the fault to the frame. Then connect one terminal of a 
millivoltmeter (suitably protected) to the frame, and take readings 
of the instrument wjieii the other terminal is connected to various 
bars of the conmmtatoi. The bar wljich gives the lowest reading is 
nearest the fault. We are able to judge more exactly the position • 
of the fault by taking the*two lowest readings and judging from 
them how far along the winding lying between the two bars con¬ 
cerned the fault lies. This method is applicable when the resistance 
of the fault is very low as compared with the resistance of a section 
of the winding. *• , , 

The drop in potential ineth(xl can conveniently be used in find¬ 
ing a fault on any open circuit winding such as a S-phase armaturd 
winding or a field circuit. All that is necessary is to pass current 
from one terminal through the fault and trace the current along 
successive conductoiys until a conductor is found in which no current 
is pas,sing. It‘is then clear that* the fault lies between this point 
and the last place at which a reading was ttfleen. 

Induction Balance Method. A telephone can Ale flsed in a great 
variety of ways for finding a fault. A very convenient apparatus 
is that depicted in Fig. 10. Two small coils of fine wird (giving a 
•combined resistance comparable with that of tjie telephone) "are 
wound on wooden rectangular bobbins of a size convenient to lay 
across the mouth of an armature slot. The two coils are rigidly 
fixed to a strip of wood and connected up so thJt when they aie 
placed in a parallel uniform alternating magnetic fiejd the E.M.F.’s 
generated in the coils just balance one another and no sound is heard 
in the telephone. An alternating current of high* frequency* is 
passed through t^ie armature winding to the faidt, and the two 
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cbils are placed near the mouth of the slot in a symmetrical position 
so that when the same current is passing under each coil the telephone* 
is silent or almost silent. By moving the coils about one can easily 
see whether the instant of silence corresponds to a position of 
symmetry. -If now the coils are moved along the slot until one is 
on one side ol a fault and the other on the other side, it is found that 
the telephone is not at all silent when the coils are ih a symmetrical 
position with regard to the slot. A current of from 5 to 10 amperes, 
broken intermittently by scraping the point of a bradawl on a 
file, wiven pas.sed through the winding to earth gives very clear 
indications in the telephone. The man working tha bradawl must 
not l)c too near the nsan with the telephone. 

r 

EAULT TO EARTH OE HIGH RESISTANCE. 

A liigh resistance fault to earth may be 'due to a defect 
in insulation at one point or there may be a general dampness of 
insulation extending over a (considerable region. Dampness of 
insulation will be dealt with in the next section. Where a fault has 
a high resistance some testers advocate the breaking down of the 
resistance by the application t'f a high volttige. While this course 
' may have to be adopted in certain cases, one should,'as a general 
rule, try to find the position of the fault .without breaking it down; 
because any attempt to do so may possibly have the opposite effect 
and make the resistance so high that the position of the break in 
the insulation may be difficult to determine. 

The bridge method, p. 10, is the best method for finding the 
position of a high-resistance fault. It can always be applied in an 
open circuit wincling. In a closed circuit grinding, such as is foimd on 
a D.C. armature, greater difficulty arises. Where the armature has 
a two-circuit winding, the best plan is to open the circuit at one 
point by uusweating the conductors from one of the commutator 
necks and then to deal with it as "an open circuit winding. When a 
high-resistance fault occurs on a lap-wound D.C. armature having 
a large numbcir dfehoss connectors, we may distinguish between cases 
where the resislancie of the fault is of the order of 20 ohms or lower 
and cases where the fault is of much higher resistance. A fault 
of 20 olims oy thereabouts will usually carry a current of 0-1 of an' 
ampere without burning itself out and this current will be great 
enough to enable us to apply the methods of localising described 
%n p. 18. When only a very small current can be passed through 
the fault, we may take as our index of direction of flow the drop in 
seyeral turns pf the armature instead of the drop in only onp turn. 
This may hot enable us to give the exact position ofl'the fault but 
will lead us ta locate it within fairly narrow limito. It will then be 
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possible to unsweat some of the conductors from the commutator 
necks, thus isolating the region in which the fault occurs and enabling 
us to apply the bri^e method. 

. Where the resistance of the fault is so liigh that sufficient current 
cannot be passed through ^t to, enable .any of the above methods 
to be employed, the best plan is to break the armature* up into two 
parts, find out which part the fault is int then break that part up 
into two and so on until the section is sufficiently small to enable the; 
bridge method to be applied with certainty. 

Heating method of finding position of fault. Tliis method, is con¬ 
sidered under the next heading, as it is mainly of service in dealing 
with intermittent faults. 


INTERMITTENT FAULT,S TO EARTH. 

Sometimes there is evidence of a fault occurring intermittently. 

It may be that when the machine is stationary no fault can 
be detected but when it is running the fault makes itself evident. 

It may be that the fault occurs only under certain conditions of 
load or under certain magnetic conditions. These cases arc often 
very difficult to deal .’vitli. Ingenuity must be e.xercised and a 
study made of the circumstances in each particular case to find out . 
wKat is wrong. The guiding principle, of course, is to find out first 
the conditions under which the fault occurs and then to pre.serve the 
conditions while we are searching for the fault. 

Sometimes the winding of a rotating field magnet will have a 
fault to earth when rmming which disappears when th^ machine is 
stopped.. iVs the field magnet is provided with slip rings, com¬ 
munication can be made with the windings when running, so that 
it is possible to apply the bridge method, p. 10, whether the resist¬ 
ance of the fault is great or small. The magnetic method and drop 
in potential methods are not applicable to a field magnet while it is 
rotating. When a "winding is not provided with slip rings and 
fault occurs only under running conditions, it may be necessary to 
put on slip rings in order to make a bridge tests' M. slip ring may 
sometimes be made by \vinding a band of copper wire ov^r a press- 
spahn sleeve on the shaft. 

• 

Heating method. 

A common way of finding in which field coil of a magnet a fault 
occurs is to pass current from one terminal throu^ the winding t» 
the fault and back through the frame of the machine; The machine 
is run under these conditions for a sufficient length of time to warm 
up the field cyails through which current is flowing. It is then shut 
down as quickly,as possible and the coils are felt with the hand. 
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Starting nedr the terminals by which the citoent was put into the 
winding, the coils are felt successively until a coil is reached which 
is much cooler than the preceding ones. The fault may then be 
either in that coil or in the coil immediately preceding it. Now jf 
the machine is allwed to cpol and currAit is then passed from the 
other terminal to the fault and the same procedure adopted, the coil 
in whicii the fault occurs will‘be indicated. 

Intermittent earth due to magnetic effect. 

Sometimes the coils on a stationary field magnet take up a slightly 
different position when magnetised than when unmagnetised. For 
instance, a series coil,which when on load carries 2000 or 3000 am¬ 
peres' may Hinder these conditions be attracted by the frame and 
moved so as to cau.se a fault in some part where the insulation is 
weak. When the machine is tested at no-load no fault is apparent 
and it is not until a certain load is reached that we become aware of it. 

Where a circuit is completely insulated except for one fault, no 
current can flow through the fault and for that reason it is not in 
evidence. We therefore have sometimes the case of a machine which, 
though it has a fault to earth, ordinarily nms perfectly satis¬ 
factorily until another fault occurs at some other part of the circuit. 
If the second faidt is intermittent in character and its- position and 
the circumstances under which it occurs are unknown, we may have 
considerable difficulty in finding the source of the trouble. The 
best plan is to make a permanent earth on the circuit so as to bring 
into evidence any fault that may exist. If this fault is only brought 
about by some magnetic or heating (condition we must make our 
test uhder that condition. For example, let us suppose that there 
•is an intermittent fault to earth on a D.Cv machine which only occurs 
when the machine is on load. The right procedure is to connect 
the negative terminal of the n\achine to earth through a resistance 
and an ammeter, then run the mathine up to speed and increase the 
load until current passes through the ammeter.. If no current 
passes, s^ut down and put the positive terminal of the machine 
to earth thmagk,a resistance and an ammeter. Run up again 
and incr^se the load; if now a reading is obtained upon the am¬ 
meter it shows that the fault we are looking for is on the negative 
siSe of the machine. The resistance can now be adjusted* until, 
the current afnoiu^ts to, say 25% of full load current. If this current 
is leaking away from some part of the conductor on the frame, we 
igiay take the drsp in potential in successive series coils, commutating 
coils and other connecting leads; and there is generally no difficulty 
in finding the point \ijhere the 26% of the current disappears. 
Siftnetimes art intermittent short only occurs when,, parts 'of the 
machine are heated to a certain temperature. ^Where this is so, 
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the test above described is carried out after the machine has been 
properly heated up. 

If an intermittent fault to eafth occurs on a direct current 
armature, current can only flow through it if theje is another fault 
on the system. The current yhich then flows is an.alternating 
current. This distinguishes a fault, in^the armature frdm a fault in 
the frame. A good plan is to earth a pftrt of the e.xternal (^irtuiit 
through a resistance and allow a small current, say 5 amperes, tc; 
flow through the fault for about a second. This will generally have 
the effect of making the fault permanent and even if its resistance 
is high its position can be ascertained by the methods described on 
pages 18 to 21. 

LOW INSULATION RKSISTANI'B. 

Sometimes the winding of a machine, without showing any 
localised fault to* earth, has a low insulation resi,stance owing to 
dampness. In these cases one must be very careful not to ])unc.ture 
the insulation by applying a high voltage to it. In the case of low 
voltage machines it is not even safe to apply the, 500 volts of a 
megger until we are sure that the winding is dry enough to with¬ 
stand it. Where the aiacliine is 
very damp, ‘the insulation resist¬ 
ance can be measured approxi¬ 
mately by means of a 6-volt battery 

and a voltmeter. The connections ^ 

are shown in Fig. 20. The negative T-1 

terminal of the battery*is coimected I'ln. ai. , ^ 

to the frame which represents 

earth; the positive end ofc the battery is connected to the positive' 
terminal of the voltmeter, while the negative terminal .of the volt¬ 
meter can be connected to the winding of the machine to be te.stcd, 
or alternatively connected direct to the negative terminal of the 
battery by means of a two-way ke^ so that it then reads the voltage 
of the battery. Let V equal the voltage of the battery and v the 
reading of the voltmeter when connected to the wflidthg. Then the 

insulation resistance, where Ky is the resistance of 

^he voltmeter. 

When a test of this kind shows that the insulatioil re.si8tance is 
over 10,000 ohms, it mil in general be safe to apply a megger, see 
p. 4, to make a more satisfactory measurement. 

Drying out insulation. 

By far th<ibe8t method of drying out small machftiesds to he’at 
them up in a vaquum oven. \^ere this method is^ not available , 
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a common plan is to pass current through th« windings until they 
become heated. The drawback to this procedure is that the cool¬ 
ing conditions in the various pSrts of the winding usually differ so 
widely that one part of the winding will become too hot before 
another part of the winding has bepn heated up enough to get rid 
of the moistftrc. This can be obviated to a certain extent by keep¬ 
ing the exposed parts of the‘winding free from draughts and even 
.covering them up with wrappings, only allowing a little air to creep 
through to carry away the moisture. In any event it is extremely 
difficult to get the moisture out of coils that are insulated with a 
waterproof insulation. Where it can safely be done.^as in the case 
of windings insulated with mica or asbestos, the raising of the winding 
above boiling,point will get rid of the moisture very much more 
rapidly than a mere heating of the winding below that point, because 
we get a positive pressure of .steam to force its way through the 
closed insulation. If the temperature is below boiling point in any 
part of the winding in the enclosed insulation, there is a tendency 
for moisture to move from the hotter parts and condense in the 
cooler parts. 1'his concentration of moisture may lead to such 
excessive dampness of the cooler part that the danger of insulation 
breakdown is greater after the application of heat than it was before. 
Where the insulation consists of ordinary inflammable materials 
it is not in general safe to try to raise the temperature of the wind¬ 
ings above boiling point. The danger is that those parts of the 
winding in which the cooling conditions are worse may reach a 
temperature at which the insulation is injured while other parts of 
the winding are still below boiling point. *• 

Th*e usual plan is to raise the temperature as high as is thought 
•safe and leave it exposed to the air for several days, the insulation 
resistance being measured from time to time. It will generally be 
found that at first the insulation resistance falls. Fig. 21 shows how 
the insulation resistance of a D.C. armature varied with time while 
subjected to this drying out process. It will be*seen that, after 
the first fi hours’ heating up, the insulation resistance had fallen to 
about Ofl of fts wiginal value, and it was not until after three days 
of drying that it began to rise to a satisfactory figure. Even after 
the insuThtion resistance, as measured in the ordinary way, appears 
to»havc gone up during the drying-out process, it does not follow 
that the wh61c 0 "^ the moisture has been got rid of. There may be 
certain parts of the winding, such as the ends, that project out into 
«rfhe air, whicii ^ire not in contact with the frame and these may 
contain moisfjure without affecting the insulation resistance as 
measured. If this niQisture is retained by a closed covering of 
vfaterproof idsulation, it may still get back into the»machihe after 
the heating tjp process has been discontinued. .The only way to 
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avoid this is to make sure that all parts of the winding' j^ave bee» 
brought to the highest safe temperature and that sufficient time 
has been allowed for the air to catry away the moisture driven 
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Flo. 21.—(!urvp showing cbtingf of insulation rosistanco during tho drying-out jKTi'sl. 
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from the hottest parts which, in the first instance, collects in the. 
cooler parts. 

THE UEPAIRINti OK FAULTS IN INSULATION. 

Armature coils. • 

The only satisfiictory way of repairing ah arnia^ire On which 
there has been an insulation breakdown is to replace the defective 
coil by a new armature coil properly insulated by the mam^facturer. 
Solhetimes, however, it is necessary to effect a temporary repair ui 
order that a machine may be kept running while the new jirmature dbil 
is being obtained. This should never be attempted unless it is known 
that a safe job can be made of the repair, because^ the breakdown 
of an armature coil when the armature is in operation may lead tif 
such very bad burning of the iron that a great part of the armature 
has to Joe rebuilt. In cases of emergencyr however* repairs m^y 
sometimes be%fiected, but they should be subjected to a severe 
puncture test before being put into service. 
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If the fault has occurred in an armatu* and there has been 
any arcing between the copper and the iron, it is extremely likely 
that the surface of the iron wfll be burnt and some of the lamina¬ 
tions melted togelker. When this has occurred care must be taken 
tliat all the iron laininatioRs are separated from one another before 
a new coil h put in the slof. .The laminations can sometimes be 
separated by driving a sfrong steel blade between tljem at a point 
a few inches away from the burn and then hammering the blade 
forward towards the burn. It is a good plan to insert a thin piece of 
paper jn each space between the laminations so as to keep them 
separated effectually. 

A Turbo generator' stator will sometimes show weakness in the 
insulation near the end of the straight part of an armature coil at 



the point where it leaves the iron. In cases of this kind it has some¬ 
times been possible to disconnect the end connectors and pull the 
armature coil further through tlie slot so as to expose the defective 
part of the insulatioA. The insulation has then been stripped off 
in laycBS, so !ts to leave the remaining insulation in step formation, 
as shown in Fig. 22. For a 6000 volt machine the length of stepped 
smface ftom the bare copper to the surface of the coil should not-be 
1^ than 3". 'l^e insulation can then be built up with mica and 
empire clotK, care being taken to fiU in each step so that the new 
insulation abuts neatly to the old. The empire cloth should be 
•stretched fairly* tightly so as to fit closely against the level surface 
of the steps u.nd exclude air as far as possible. The second layer 
before the last should, be painted with an air-diying varnish, the 
solvent of which should be naphtha rather than alcohol, and after 
the varnish ip dry the last layer should be puh on and the whole 
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re-vamished. The external surface should be taped witK a smooth* 
continuation of the old taping and should be finished mthout anj 
excrescences that will put a drag u^on the new insulation as it is 
being drawn into the slot. When completed the ooil may be drawn 
back to its old position and the. standard test applied between the 
conductors and frame. For high-voltage machines this t^st generally 
consists in the application for one minute of an alternating pressure 
of K.M.S. value equal to double the voltage of the machine. If the, 
repair stands this test the end connectora may be re-connected and 
the machine put into service. 

A fault in the armature end-connectors is generally more easily 
repaired because the end connectors are commmdy insulated jritli 
empire tape or mica tape and the repair when cariaed out by a 
skilled winder can be made almost as good as on a new machine. 

Direct current armature coils with voltages up to 700 volts. 

These are ordinarily insulated with paper and mica, and as the 
normal voltage is not excessive there is no great difficulty in putting 
a completely new wrapping on the coil, which will make it almost 
as sound as a new onq. It is not, however, po.ssible to use an oven- 
dried varnish on a repair of this kim^ and none of the air-drying 
varnishes are ‘quite so satisfactory. It is better to wra]) the whole 
of tlie straight part of the armature coil with a new wrapping, rather 
than attempt to patcli one end. Tlie taping of the individual con- 
ductoi;p on the end windings may be treated with a coating of air¬ 
drying flexible varnish. 

• • 

Field coils.. 

When a field coil has dwelopcd a faidt to earth, an endeavour 
should be made to find the cause of the failure of the insulation. 
Sometimes the failure has been due to tlie too rapid breaking of the 
field current, which lyis caused a rise of pressure sufficiently great 
to puncture the insidation. Wliere^his has occurred it is not merely 
sufficient to repair the coil. A suitable dischffrgc resistance should 
• be provided to prevent an undue rise of pressure, ■•vir metal sleeve 
or metal washer aroiuid the pole will also prevent an undue rise of 
pressure in a coil. If a field pole is provided with such il washej 
the resistance of whose circuit is r ohms, then the,pres.sure rise m 
any one turn of the field coil can never be more than A x r, where A 
is the total number of ampere-turns on the pole. If, for instance, 
the resistance of a metal washer around the pole Is *0 0001 ohm, 
and the maximum munber of ampere turns on the poHis 9000, then 
it is impossible that the voltage rise due to the sudden breaking of 
, the fiela current shall be more than 0'9 of a volt per turn; Iso that a 
coil of 100 turps could not yield a rise in voltage of more than 90 volts, 
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•and if there were 10 coils the total voltage rise in the field could not 
be more than 900 volts. Where solid metal poles are used, the solid 
metal of the pole acts in the saifie way as a metal washer, and prevents 
an undue rise of,voltage when the current is suddenly broken. 

Sometimes the breakdown may. be round to be due to a cutting 
through of'the insulation owing to excessive pressure in forcing on 
the coil. When this haS occurred, measurements sjiould be made 
, of the coil dimensions and of the space available on the frame, and 
due provision must be made in arranging the parts so that excessive 
pressure does not come upon the insulation. 

One instance of trouble of this kind is found in the bringing out 
of tjie terminals of wire-wound field coils. This is sometimes done 
by wrapping a copper strap around the wire of the coU, as shown in 
Fig. 23, and carrying the strap between the bottom layer and the 
layer second to the bottom so that the terminal may be brought out 
near the top of the coil. Wlren this iS done and the coil 
is tiglitly bolted down under the overhanging pole tips the 
various layers of wire in the coil yield slightly under the 
heavy pressure, but the copper strap, which is held between 
the layers so that it cannot buckle, does not yield and may 
cut through the insjilation flanking the coil at the ends or 
injure the cotton covering of the wire. ‘ In a case of 
this kind the winding of the <!oil should be arranged 
so that the end of the inside wire is at the top instead 
of at the bottom, fl’here would then not be so^ much 
tendency for the copper strap to buckle up. This case 
^ js juentioned merely as an illustration of the fore¬ 
thought that is necessary in designing the parts and. insulation 
' of field-coils which arc subjected to heavy centrifugal forces or other 
compressive forces, and when a repair is carried out the same fore- 
thouglit must be bestowed if we are to avoid a second breakdown. 



FAUbTS IN INSUL'ATION BETWEEN TURNS-SHORT CIRCUITS. 

. *• •• 

Short circuits in armature coils. 

Wliete a short circuit occurs in an armature coil of a machine 
\viien in operation, it does not require much searching for, because 
it becomes Very liot, and usually biuns the insulation before it is 
observed; the “ symptoms ” then consist of the charred remains 
of the coil. » • 

If, instea4 of one coil on the armature, we have a large fraction 
of the whole winding short-circuited, it may be that the short circuit 
Current whibh flows through that portion of the .winding is not 
sufiiciently great to cause such very excessive heating. This may 
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jasily occur in machines of poor regulation. In this case, however,* 
die low voltage generated by the machine will lead us to look for a 
Aort circuit; and, measuring the resistance of the armature, we shall 
ind that the total resistance is far below its normal value. If the 
iiachine is then run with th*e terminals open-circuited and the field- 
nagnet excited to an amount just sufficient to pa.ss a heavy current 
n the sliort-circuited portion, that portion will be indicated by its 
.emperature rise. In the case of a .3-pliase induction motor the, 
resistance of whose winding is so low as to lead us to siuspect that there 
are short-circuited coils, we can at once see in what pha.se the.short- 
circuit is, because the resistance of that plia.se is lower than that of 
the others. If an inspection of the winding does not lead to a 
discovery of the position of the short-circuit, we may proceed to apply 
a low alternating voltage to the two terminals connecting the phases 
that are in good order. This voltage should then be increased until 
there is an indicirtion of hc,ating in the .sliort-circuited coils. In 
this case the sound pliases act as the jiriinary of a transformer and 
the short-circuited coils act as a secondarj'. 

In a test of this kind it is well to comjilete the inagnclic circuit 
by placing inside the stator the unwound core of a rotor or a wound 
rotor with the winding open circujted. A squirrel-cage rotor 
will not do. ’Where the stator is wound for a high voltage it is 
.sometimes more convenient • to apply voltage to a wound rotor 
placed inside the stator rather than to the stator itself. The current 
should be switched off the machine before the coils are felt with 
the hand. 

Shop tests for short’circuits. An apparatus commonly usjd for 
testing arniaturcs during the course of manufacture is illustrated 
in Fig. 21. It consists oh a 
laminated electro-magnet hav¬ 
ing poles of suitable shape to 
fit against the cylindrical sur¬ 
face of an armature, and its 
magnetising coil is supplied 
, with an alternating current. 

A suspension on counter weights 
is .provided so that it can 
conveniently be raised or 
lowered and accommodated to 
different armatures. When 
placed against the cylindrical kic. h. * 

face of an armature and , 

switched on to the alternating current suppjy, the magnert supplies 
an alteftiatingjnagnetic flux which threads through several of tlfe 
armature coils. Ifjthe coil shown at A A' is short-circuited, a current 
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•will flow in‘it, and the presence of this current can be ascertained by 
the attraction which is causes upon a thin strip of iron,.dragged A® 
operator over the armature ileeth at A'. All that is necessary, 
therefore, to tesb the armature is to 8|^bject the various bands of 
armature coils in successioirto the influence of the alternating-current 
magnet, and feel for short-ciijcuits by means of the strip of iron. 

A similar apparatus *luiving convex poles instead of concave 
, poles, can be used for the internal cylindrical surface of stators. 
Wlien such an apparatus is not available it is possible to test for 
short-circuits in a stator by'putting a wound rotor, having the same 
number of poles and approximately the same diameter, .into the 
statpr and feeding the roto- with an alternating current. -If the 
alteniating current is slowly increased from zero and the stator 
coils arc felt with the liaiul, it is possible to pick out any short- 
circuited coil by the fact that it warms up owing to the current 
generated by the alternating flux from the rotor ^ore. 

Telephone test for short circuits. A small search coil connected 
to a telephone can sometimes be used for telling the position of 
short circuits. Any D.C. armature with current fed in at two 
symmetrical points produces a magnetic iieljl whose poles are at 
known positions with respecd to the points where the current is led 
in and out (see page 12). If ati alternating or interrupted current 
is fed in at two symmetrical points we can roughly judge the 
strength of the n\agnetic field af a point on the annature by means 
of a search coil attached to a telephone. A short-circ\iit<;d coil 
produces a marked di.sturbance to the uniform distribution of the 
lield |vnd its position can be found in most cases with great ease 
because the current carried by the short-circuit coil is not only 
greater than the exciting current, but, lieing opposite in direction, it 
creates nodes on eacfli side. The slot carrying the short-circuited 
coil has an intense lield across the mouth, whereas the slots on 
each side will have a very rveak field. When p three-pha.se winding 
is being tested by this method., the alternating (nirrent should be 
passed in at one phase and out by the other twcr phases. This will 
produco a pdtht-tly symmetrical field distribution if there are no 
short citcuits. 

. Testiflg for short circuits in individual coils before assembly. sAn 
apparatus whicli is uscfid for this purpose is illustrated in Fig. 29.* 
In principle* it is analogous to the Hughes induction balance. It 
consists of a three-legged laminated electro-magnet having a central 
•magnetising T!oB MM, and two search coils SS', which are wound 
on the outer Jimbs so that normally the k.m.f.’s generated by the 
alternating flux in the limbs is opposed in the two coils. These coils 
a*re connetsted in series to a sensitive wattmeter. Alternating’ current 
is supplied tq the exciting coil MM, and if proppr adjustments are 



tnjltde^ titen is no leading on the wattmeter until a dioiAb-ouUiii^ 
udl ft biou^t into such a jx^tion that it embraces some of tl^ 
fiuz ftom one of the outer limbs. *The eddy-current in snc^ | 
short-cironited coil in setting up an opposing baob magneto-molawi 
force disturbs the balance oi the>flux m the outer limbs, ao that tiis 
’s in 8S’ are no longer balanced, and, a reading is Obtained on 



Flo. 25.—Induction balance for detecting the pj^nce of a abort-circuit in a coil, 


the wattmeter. Sometimes a telephone is used instead of a watt¬ 
meter. This apparatus can be made very sensitive and will indicate 
faults fairly high resistance in field-coils. 

Drop in potential method. As this method is most generally 
used for finding short-circuits in field-coils, it is considered below 
under that beamng; but it is of course also applicable to armature 
coils. • 

In dealing with a lap-wound D.O. armature by this method, the 
best plan is to leave the armature in its frame. Turn it ro^d until 
i bar connected to a cross connector is directly under a brush and put 
ittle strips of copper under one bQish in each brush arm, so that 
lurrent can be led into and out of the armature by feeding»current 
nto the positive brushes and taking it out by the nWtive brushes, 
rhe strips of copper should be arranged so that each brush-holder 
8 in contact with the bar connected to the pi^tive or negative, 
aoss-connectors. In this way a more symmetricaj current distri- 
mtion is obtained than where the current is fed into t&e armature 
iromiscuously. Then, while feeding a constant current through 
he armature, measure the drop in potential ^between each 
lucceesive pairs of commutator bars by means of the instru- 
nent shown in Fig. 18. These drops i^ould be very nearlv 

3 ua! until we •come to a short circuit coil, when th*e ^p wifi 
1 to a low value^ 






se 

*be expect^ from the current takien by it. This sometimes canfl^'^ 
a want of syrametiy in the §eld sptem of a DX!. machine, and may 
lead to resmts which are rat£er puzzling until the cause has been 
ascertained. Where the proper resistance of the coil is known the 
existence of a partial shorttjircuit iff at once obvious, when the drop in 
potential across the coil is taken while a known current is passmg. 
^e best cure is to have the shunt coils dried out in a vacuum oven, 

■ and if the machine works in a damp situation the coils should be 
impregnated with petroleum residue after being so dried out. 

OPEN CIRCUIT. 

On a lo\?-voltage armature wound with bars or copper strap 
an (men circuit may occur thro^ the unsweating of a connecting- 
thimble. The most useful appliance for finding an open circuit is 
the lighting-out set illustrate in Fig. 9. The terminals 7+ and 
T— are attached to the lighting circuit or other source of voltage, 
either continuous or alternating, from 100 to 600 volts. Lamps 
designed to withstand the pressure of the circuit are put in the two 
lamp-holders. For instance, on a 500 volt-circuit two 260 volt 
lamps will be connected in series; whereas on a 110 volt circuit one of 
the 110 volt lamps will be put into one holder and the Aort-circuiting 
plug into the other holder. Now, if the two points P-f and P- are 
connected by a conductor the lamps will light. The sharp points 
can be used to puncture insulation in posrtions on an armature 
where no damage is done by such puncturing or where the (kmage 
can be easily repaired. Th.e lighting up of the lamps serves as a very 
, convenient means of testing the continuity of the circuit. 

Low voltage polyphase annatnrea 

Distinction should be made between star-connected armatures 
and mesh-connected armatures. 

Star-oonneoted armatures. If we take the case of a 3-phase star- 
connectid armature *bn which there is a break in phase A, there will 
of course be no path either from .4 to P or from A to C, but there 
will be *9 path from B to C. If we employ the lighting-out set, we 
(-man ascertain at once that the open-circuit is in A. Now, puncture 
the insulatipn at the end of one of the bars near the middle of*pha&e 
' A and test for continuity of circuit between l^at point and the 
terminal of phase A. If no circuit is shown, test the continuity of 
•^ tiie oirouit iroln a point a quarter of the way along .4 to the ter- 
‘ minal, and se on until the position of the open circuit is defi^tely 
^rtained.^ , 

UMh-oonneotad armatures. In a mesh-connected' w inding whose 
meshes are A, B and C, and whose terminals are P, Q and B, as 



in Kg. 27, in wiiatevoe phase the open oirciul oboaiB, # 
can alwaw pass current between any 
two of the terminals. If there is ta 
open circuit in phase A, the resistance 
between P and R is twice *as great as , 
the resistance between P and Q or Q 
and R. When it is found that the * 
open circuit is in A, we should dis¬ 
connect the ends of A from P and R, 
and make a test with the lighting-out 
set from the middle of A to one of its 
ends, and so on as on the star-connected 

machine 0 <»>i>Mted annttura 

. ... ■ 1 , with onon oitoait in^hwo/I. 

Two-phase windinp, single-phase 
windings or field-windings can be tested out in the same way. 

High voltage armatures. 

IVliere we have to deal with a high voltage armature with a 
completely enclosed insulation, it is not desirable to make any more 
punctures in the insulation than are absolutely necessary. It is 
generally possible to sfeparate the phases and test each phase singly. 
Treating each phase as a single-phase, a»raeasurement of the capacity 
of each section of the winding between its terminal and the open 
circuit will sometimes give a fairly good indication of the position 
of the break, if the break is complete. The method that we use to 
measure the capacity of the winding will depend upon the apparatiM 
that is available. If n fairly sensitive ballistic galvanometer is 
available, one of the simplest methods of measurii^ th6 capacity 
is that illustrated in Fig. 28. One terminal of a fl-volt batte^ 



CL 



Fio. 28.—Method of moasuring tho cspaoity of a high*Toliage armatnro winding. 

• 

is (fcnnected to the frame of the machine, the other terminal beim 
carried to the upper terminal of a two-way ^ring k«y, K, whiS 
connects the upper terminal through the ballistic galvanometer 
one terminal A of the winding, the terminal B bein|^e^hed. Thiu 
raises the potential of Ihe A section of the winding 6 votbs above thi 
frame. After the ballistic galvanometer has come t<f rest the laij 
is quickly depressed so as to discharge the winding jihipuj^ thj 
galvanometer. *Let the deflection obtmed be ^e'gaivano- 
meter is then connected to the terminal B {A being earthed), and 
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•another deflection Z)j is obtained; then the number of coils in the 
A section of the winding is to the number of coils in the B section of 
the winding approximately afi is to D^. The vaUdity of this 

statement is of rcourse dependent upmi the assumption that the 
thickness jind character of the insulafion of all the coils is the 
same. ' ^ , 

Wliere no means of measuring the capacity of the winding is 
available we may make a measurement of its insufation resistance. 
The variation in the insulation resistance of any section of the 
winding, however, is a matter much more dependent upon accidental 
circumstances than the capacity is so dependent. In cases, however, 
wh^re the break in the circuit is complete, the insulation resistance 
measured from either end of the winding gives us some indication 
of the probable position of the break; the higher the insulation 
resistance of the section that is measured, the shorter that section 
is likely to be. Having obtained a fair indicatioA as to the approxi¬ 
mate position of the open circuit we may now proceed with the 
lighting-out set to find its exact position. 

Open circuits on commutating machines. 

Lap-wound D.C. armatures with a great number of cross-connectors 
have in them so many paths in parallel that we must proceed on a 
definite plan, if we are to find an open circuit with certainty, ^he 
best plan is to choose two cross-connecting rings, which ivill be of 
opposite polarity when the machine is running; that is to saj^, two 
connecting rings which are exactly a pole pitch apart. Find two 
commutatpr bars, each connected to one di these rings, and pass 
a current of say 10 amperes in at one bar through the winding to the 
• other bar. If the armature is mounted in its field-frame, the method 
of feeding in current described on page 33 may be adopted. Con¬ 
nect the voltmeter points. Fig. 9, to an armature detector (Fig. 18), 
or a milli-voltmeter suitably shunted to withstand the maximum 
voltage on the commutator, an^ put one of the points on the bar 
where the current en ters and the other point on the next consecu¬ 
tive bat. Mferioure the voltage drop between the bars and then 
proceed, to measure the volts between each consecutive pair of 
^ bars. If there is an open-circuit in any section of the winding lyiM 
between two pojnts from which tap go to cross-connectors, it will 
be found thht there is no voltage drop between the bars belonging 
to that section, until we come to the pair of bars between which the 
, break ocoursc (The drop then is very decided. After we have passed 
this pair of b^rs there is no drop Main until we come to the end of 
the sectiop. This statement is only true if the current is passed 
into and out of cross-connected points that are exactly a pole-pitch _ 
apart. If we merely pass current in at one bar of a commutator, and 
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out at any other bar promiscuously, it may be possible to find several t 
regions on the commutator where no voltage exists between bars 
although there may be no open circuit on the winding at all. 

Two-cirenit windings. 

As these windings have no cross-ooiuiectors, we may choose 
any two points on the commutator (pVeferably t^vo points a pole- 
pitch apart) at which to lead in and take out the current. If there 
IS an open circuit, there will be only one path through the winding 
instead of two paths. The current in the enclosed path wll cause 
a drop between pairs of commutator bars belonging to that part of 
the winding. There wll be no drop between commutator bars in 
the open-circuited part of the winding except at one point neafthe 
break. The procedure, therefore, is to feed current in and take 
current out at two points a pole-pitch apart and find the region on 
the commutator oh which all the bars are at the same potential. 
The feeding-in point is now moved step by step towards the taking- 
out point until a bar is reached which is connected to a conductor 
just beyond the break in tlie circuit. There will now be a difterence 
of potential between bars in what was before a blank region. The 
position of the break In the (;ircuit is thus indicated. 

Douply and tfebly re-entrant multiplex Vindings. 

These may be dealt with in exactly tlie same way as lap-wound 
armatures, except that on a duplex armature the voltmeter points 
shoulchalways be kept two bars apart, that is to say, they should be 
placed on bars 1 and 3 imstead of bars I and 2. ()u a tri])lex winding 
the voltmeter points slibuld be kc])t three bars ajiart. The ciyrent 
should, of coimie, be led into and out of the particular section of 
the winding under examimrtion. 

Arnold singly re-entrant multiplex winding. 

If a wnding of this kind* has 2a circuits in ])arall(!l, we should 
short-circuit a bars at as many points as the machine has poles, the 
short-circuited points being evenly spaced around the commutator. 
This is conveniently done by putting a wires under k-^ushes at each 
brush-holder, so as to make the brushes c.onnect definitely with a 
bans. We can then pass current through the 2a circuits in’parallel.. 
We can now take the voltage drop between pairs of bars which ar»a 
bars apart. Thus where a --3, we should place the voltmcte points on 
bars 1 and 4, 2 and 5, and so on, proceeding step by step around the 
commutator. A break in the circuit will be indicated by there being, 
no drop in potential between the pairs of bars betweenjLhe feeding-in 
point and the break and a big drop of potential at bars between 
which tfie break occurs. 

• See and Iktign of Dynnmo Electric Machinery^ 51J. 
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^Partiftl open circuit 

Sometimes an armature of a dynamo, ^bile not actually oj^n- 
circuited, has a high resistance introduced at one or more points 
owing to defective joints. The genyal procedure is the same 
as for an open-circuit, -but the* indications are not quite so 
positive. There will be ^onae drop in potential between all bars 
in the defective section. The partial open-circuit is indicated by the 
greatness of the drop at the bars between which the defect occurs. 
Another procedure is to measure the resistance of two halves of the 
winding that ouglit* to be exactly similar, so that the presence of the 
partial open circuit in one of the halves can be detected. On dividing 
this half up again ii; two portions and testing again and so on, the 
position of the defect in the winebng can be ultimately traced out. 

High resistance in parallel branches. 

Sometimes two circuits are intended to operate in parallel, as 
for instance, the scries coils or commutating coils of D.C. machines 
intended for very large currents. A defective joint may occur 
which makes the resistance of one circuit appreciably different from 
that of the other so that the current, instead of dividing equally, 
divides inversely as the resistance and leads to defective operation. 
When such a state of affairs is suspected, one of the best ways 
of finding out whether the current is divided equally is to measure 
the drop of potential in a coil in each of the branches while the 
machine is in operation. In doing this, care must be takqp that 
the voltmeter points are put directly in contact with the copper of 
the coil under test, so that in the circuit between the two points there 
is no joint. If the two coils are exactly similar in every way and 
are at the same temperature, the drop in* the coil will be proportional 
to the current passing through it, and thus the symmetw of the 
two circuits can be checked. The defective joint can be found by 
taking the drop acuoss each of the joints and comparing them. 

Open circuit in field windings.^ The most usual method of finding 
the position of such" a fault is to connect one end of the’ winding 
to the negati^ij'supply main and conne(!t the fT of the “lighting- 
out” set shown in Kig. 9 to the positive main, and then explore 
j,with the point I- /'. Tiie fault lies between a point where ••the 
lamps will light,and a point where the lamps will not light. 



CHAPTER II. 
OVER-HEATING. 


MBASUREMENT OF TEMPERATURE, 

1 Thermometer. 

aE thermometer is used as a means of measuring the temperature 
of various parts of A dynamo on accoimt of its portability and general 
convenience in use. It cannot be regarded as a very satisfactory 
means of arriving at the true temperature of the part in question. 

Where we arc dealing with a stationary part such as a field coil 
of a D.C. generator, it is sometimes possible to fit the thermometer 
into a crevice in the coil and leave it there during the whole of the 
heat run, in which case it may give it very fair indication of the 
temj)eraturc rise of the parts immediately surrounding it. Where 
this is done some judgment must be exercised as to the amount of 
padding to put around the thermometer to protect it from air cur¬ 
rents. ' If no padding is put around it the draught of air in the 
vicinity may prevent it from attaining the temperature of the 
adjacent cqil. On the other hand if too large a pad is used il will 
prevent the proper cooling of the coil so that too high a 
temperature will be attained. The best plan is to sec 
that the bulb of the thermometer is in as close contact 
as possible wth the surface whose temperature is to be 
measured and a pad of cotton wool not exceetling two 
inches by two inches and one inch thick should Ije closely 
pressed over the bulb so as to exclude it from draughts «f 
air. If it is possible to find any part where the two 
sides of the thermometer can be brought into contact 'Via. 29. 
with the surface, so much the better (see Fig. 29). , 

Where the temperature of the revolving part ol a .machine has 
to be taken it is usual to put the thermometer in position after the 
machine has come to rest. As a rule, the surfaces ofcrewlving parte^ 
of a dynamo are fairly cool while in motion and do not reach their 
maximum temperature until a few minutes after the machine has 
come to* rest. JFor instance, where the cottbn-covered* wire-wound 
' field coils of a revolving-field generator are felt by hand, immediately 
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. the field has come to rest, it will generally be found that they are not 
as warm as when felt a minute or two afterwards. This is because, 
notwithstanding the high temperature of the copper in the interior 
of the coil, the heat conductivity between the layers of wire does not 
permit the surface of the coil to reach a very high temperature when it 
IS subjected to high velocity ajr currents. In addition to the interval 
of time which is necessary for the heat in the inside of the coil 
to reach the surface, a further interval of time is required for the 
heat to pass through the glass bulb of the thermometer and warm 
up the mercury. ,The time taken for the heat to pass into the 
bulb of the thermometer will depend upon the heat conductivity 
of {he material in contact with the glass bulb. “Where a coil is 
wrapped with several layers of tape which contain air spaces in 
between, the heat conductivity may be so poor that a fairly large 
thermometer bulb may take 10 or 16 minutes to receive from the 
surface the heat that is necessary to make it give approximately 
the correct reading. In addition to the heat required to warm up 
the bulb there is often an even larger quantity of heat required to 
warm up the cold pad of cotton wool or waste put over the thermo¬ 
meter to “ keep it warm.” During these 10 or 15 minutes the heat 
from the inside of the coil is being conducted to the frame and being 
carried away by convectidn; so the temperature* recorded by 
the thermometer may bo not more than half of the temperature 
normally reached by the surface of the coil. Anyone who has had 
experience of temperatures taken on a large number of machines 
of standard construction knows how very unreliable the temperature 
readings qs ordinarily taken are. For exactly similar machines run 
under exactly similar conditions, the temperatures recorded differ 
over very wide limits depending upon the manner in which the 
thermometers are placed and the care taken to ensure that the 
thermometer reaches as nearly as possible the temperature that would 
be reached by the part under normal conditions. 

When a temperature guarantee is based upcyi a temperature 
measurwnent by tlu?rmometer, it is of course assumed that the 
contractor is4r, have the advantage of the poor conductivity that 
ordinarily exists between the thermometer and the part to be 
_measured. How far the unscientific methods ordinarily in use.for 
measuring the ^mperature by a thermometer may be legitimately 
replaced on'an official test by more accurate methods which might 
lead to higher readings is a matter open to dispute. 

I • 

Maximum temperature reached in the long run. 

Very large electrical machines take a considerable time to reach 
Iheir maximum temperature. By making observations during a 
run of a fe\Y hours it is sometimes possible to determine with fair ' 
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I accuracy the maximum temperature that would be reached if the 
'run were indefinitely continued. This matter is made rather more 
difiScuIt on account of the very irregifiar law of temperature rise of 
, a dynamo during the first stages of heating. If we had a solid block 
of copper in which heat was oeing produced at a unifonu rate per 
cubic centimetre and if the codling conditions were sudi that the 
number of watts radiated was proportiomJ to the temperature rise, 
the law of temperature rise with time would be comparatively 
simple. In an ordinary electric machine, however, the heat is 
produced in some parts and conducted to others having a different 
heat capacity so that the law of temperature rise in the early stages 
is very complex and differs for different parts of the machine., 

Ijct us take the simple case first. In what follows we shall use 
the following units. The constant losses measured in kilowatts 
are denoted by IF ; the number of kilowatts dissipated per degree 
centigrade rise by K ; and the heat cajiacity of the machine measured 
in kilowatt-hours per degree centigrade rise we will denote by U. 
The hour is taken as a unit of time. 

Then: 

.( 1 ) 


The solution of this is 

T 



( 2 ) 


where is the temperature rise in degrees centigrade and t is the 
time in hours measured from the (commencement of the load run. 
If we take the values H'=175 k.w., K=-5 k.w. per degree rise and 
the heat capacity of the machine II = 6 25 kilowatt-hours per degree 
rise, we get the following law of the change of temperature rise witl 
time: r=35(l -e "*')- In 30 we have plotted temperature 
against time. The curve is the same shape as the curve of rise o: 
current in an electric circuit containing inductance and resistanct 
to which a constant voltage is applied. The maximum temperature 
which evill be reached in an indefinitely long run is 175-r5i=35° C 
If we draw a tangent OA to the curve through the origin we find thai 
it cuts the 35° line at A at the time 125 hours. If we take tat l'2t 
hours in the expression (1 -t "") the index of the powers of cTjecomei 
-1 and the e'‘ = -3678(So that the value of (1 -e' is then equal tc 
0'6322. A well-known characteristic of these curves is that at the 
point where the tangent to the origin cuts the horizontal line through 
the maximum the value of the ordinate of the curv(?is 9-6322 of the 
maximum. , 

In an actual machine during the first stages of heatipg up the 
time-temperature curve does not follow the same law as ha the simptt 
case considered above. The heat is produced in some parts of small 
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, heat capacity surrounded by insulation, so that the temperature ris« 
in these parts rises fairly rapidly. It is then conducted to otihei 
parts having often a larger heat capacity,- so that the temperature 
rise there is not ^o rapid. The temperature rise in each part of the 
machine follows a law of its own; .but If we confine our attention to 
one part, say the stator iron behind the slots, we shall find that after 
a one or two hours’ run* the 'temperature is following very closely 



Fia. 3^.—TiinO'tomperaturo curve showing how the final temperoturo can bo predicted. 

the law given in the expression (2) p. 43. This is because the part 
iff question has .a definite heat capacity, and* after the preliminary 
stages of warming up it receives heat at a constant rate, and gives 
off heat at a rate proportional to its temprature. Thus we can say 
ithat though'in the first stages the curve in Fig. 30 is not applicable 
to the temprature rise of an electrical machine, it is apphcable in 
the final stages; and i^ we can find the ratio of hf to th.e line to 
which the curve becopies asymptotic can be obtained without , 
numing the machine for very many hours. 
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j If WB run the machine for several hours until the time temMrature 
i curve approaches the horizontal, having only a very gentle slope 
f upwards, we may guess the position of the horizontal line with suffi- 
fcient accuracy for practical purposes. If it is desired to calculate 
jits position with greater accuracy, the following methcjfl may be 
employed: • . 

Suppose that a machine is run for 6 hours, and the temperature 
j of a certain part, say the stator iron, is found during the last three 
' hours to follow the law illustrated in Fig. 30. Select two points on 
the curve say at hours and at 4 hours, and draw tangents to the 
curve as shown by the dotted lines. The slope of these tangents 
can then be expressed by taking the ratio of an ordinate of the 
tangent expressed in degrees centigrade to the absciillia expressed 
in hours. For instance, the slope of the tangent to the curve at the 
point is =3 79, and the slope of the tangent to the curve at 
the point 4 hours is -J-. J ® = 1 • 138. Now fake the napierian I ogarithms 
of these ratios. These are 1-33 and O’ 13 re.spectively. The differ¬ 
ence between these is I’2, and the difference between 2i hours and 

1’2 K 

4 hours is li hours. Now r-„=0’8, and this is equal to the 

coefficient of i in equation (2).* Knowing ^ we can c.alculate by 

what fraction of the inaxiinum temperature rise any point on the 

curve is below the maximum temperature rise. For instance, in 

w, 

Fig. 30,'thc ratio of il/Ttoil/Zisequal tof . If we take t --4 hours 

and jy=0’8, then the ratio of MT to MZ is equal to e '’'“’"=0’04, 

that is to s.ay, that after 4 Iwgirs the temperature lias risen to a point 
within 4 per cent, of the maximum temperature. By employing 
this method we may in the course of a few hours’ run ascertain the 
temperature to which the macliine would rise if run for an indefinitely 
long time. , 


*Tlie of this 




log, //-//'• 

dT 

Now take the siopes t- at two poiotn and and find the napieriaii ia^aritliins of the 
lvalues found. ITieii 
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Another method of shortening the run is to heat up the machine 
quickly by means of extra losses. The machine may be run on 
overload until the guaranteed temperature is reached. It is then 
put on nprmal Ibad, and careful observations are made to ascertain* 
whether the temperature rises or falls. If it falls we know that 
the part in question will meat the guarantee. If it rises, the tem¬ 
perature should be taken still higher by means of la short overload 
run, and te.stH made again at normal load, and so on until a steady 
temperature is reached. 

« 

By thermo-couple. 

Fig. 31 gives a diagram of the connections of three thermo¬ 
couples A, B and C, arranged so that either one can be connected 
at will in circuit with a micro-amperemeter M. The return path is 


A-cr'zrj 


-o o 

C.=cr_-r.-. 

. 

--- ^ 

« { 


. 


i! 

D Sr 


Km. 31. 

through a fourth thermo-couple, J), which' must be maintained at 
a known temperature. If D is at the temperature of the air, taken 
as a standard, the readings obtained fn M are proportional to the 
temperature rise above the air temperature. If the couples have 
not been calibrated before with the lengths of wire provided they 
should be calibrated after the connections have been made and 
little resistances inserted in series with each, one to’make the calibra¬ 
tion of the instrument the same for all couples. The iron wire 
in Fig’. 31 is '^lown with simple dotted lines, and the eureka with 
chain-dptted lines. The remainder of the circuit is of copper. It 
is important that the point of the circuit where we pass from eul-eka 
Wo copper shall always be at the same temperature as the point 
where we pass from copper to iron. For this reason it is well that 
these points should be kept near to one another. It is well to 
immerse jilhctW D in an oil bath together with a thermometer, 
so that its temperature may be known. 

The calibration cuyve of an iron-eureka couple is very, nearly a 
straight' line. The deviation from the straight fine is so small, 
for temperatures between 0° and 160° C. that if, we insert resistance 
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in circuit with a micro-amperemeter until 100° C. difierence of 
temperature gives a reading of 100, the instrument wiU read the 
difference of temperature between thS hot and cold junctions with 
•sufficient accuracy for prac^cal purposes. The CDrrections to be 
applied to give the temperature with greater accuracy can* be taken 
from a curve worked out by Dr. Narker and given by Mr. Rayner 
in the Jour. Inst. Electrical Engineers, vol. 34, p. 722 (1905). The 
error at 50° C. is about 0-3° C. 

A thermo-couple may be used for measuring the temj)erature of 
parts of a dynamo, by being either laid in tlie part in (jue.stion during 
construction, the wires being broiiglit out (o a convenient point or 
applied at the surface of the part in (juestirm after the macliine 
has come to rest. The thermo-couple most commonly userl for 
measuring the temperatures of electrical machinery is the iron- 
eureka junction. The e.m.f. in the circuit may be conveniently 
read by means of'a delicate milli-voitmeter (see Fig. 1). Where 
very exact measurements of temperature are required it is well 
to keep the cold junction at zero temperature by surrounding it in 
melting ice, but for many purposes it is sufficient to keep the cold 
junction at the temperature of the surrounding atmosphere and 
take the difference of temperature between the junctions as equal to 
the milli-voltit multiplied by a constant. This gives at once the 
temperature rise of the part in question, with sufficient accuracy 
for practical purposes. In placing a thermo-junction in position 
for the, purpose of measuring the temperature it is well, where 
possible, to have the whole junction circuit insulated so as to 
i)e sure that there is ilo e.m.f. affecting the galvanomater other 
than that generated by the temperature difference. In some cases, 
however, it is inconvenient to completely insulate both wires of the 
thermo-junction; and if proper precautions are taken to eliminate 
all catises of E.M.F. other than the one sought to be measured, this 
course may be satisfactory. In insulating a thenno-couple we must 
be careful not to put too great a heat-insulator between the junction 
and the part whose temperature is to be measured. Only* a very 
small part of the heat communicated to the junctio'n is converted 
into electrical energy, so that the danger of the temperatura of the 
junstion being affected by this disappearance of heat is notr of con¬ 
sequence in practical cases; but the wires of the junftior. have some 
thermal conductivity and under certain conditions mhy abstract 
some of the heat, where the junction is intended to measure the 
temperature of a “ hot spot ” in a comparatively’cohfined area, • 
there is a danger of the junction assuming the mean twiperature of 
the wires which may pass near a cool point not very far away from the 
hottest point. One of the best ways of ensuring that the'junction 
is actually at the tei^rature of the material immediately surrounding 
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it is to use a rather thin wire, say not more than 28 gauge. After 
a junction has been made by sweating th6 iron and eureka together 
for a length of one centimetrS, the junction should be fattened out 
with a hammer so as to make a littie spatula about 0'03 cm. thick.’ 
This can'then he insulated by flanking it on both sides with small 
pieces of tfcated paper 0-p2 caps, thick, stuck on with shellac varnish. 
The iron and eureka wires may be double cotton covered, and the 
whole covered with a cotton stocking drawn tightly over the wires, 
dipped in sterling varnish, and dried in an oven. After a junction 
of this kind has oeen put in position, care must be taken that no 
undue pressure is to be put upon the wires so as to cut through the 
insulation between them. It is also important to see that the wires 
are everywhere supported mechanically so that they cannot vibrate; 
otherwise it may be found,, after running the machine some time, 
that the circuit is broken. Where a large number of junctions are 
used to take the temperatures of the large number of points in a 
machine, it is well to employ a multi-contact switch for switching 
the various junctions in succession to the milli-voltmeter. Afl 
contacts of this switch should be made of the same metal, say brass, 
of the same quality. Care should be taken that all points of contact 
have a very low resistance and are maintained at a uniform tempera¬ 
ture throughout, otherwise lihermo-electromotive fordes may be set 
up at these contacts which will affect the reading. The lengths of 
all the circuits should be adjusted until the calibration curves of 
all junctions are the same. 

Wliere a thermo-electric junction is employed instead of a ther- 
moi^eter for taking the temperature of a surface after a dynamo has 
come to rest, it may be conveniently eonstructed of INo. 24 iron 
and eureka wire, sweated together and hammered out into a spatula 
1 cm. long and 0 3 cm. wide. As the other parts of the thermo¬ 
electric circuit can in general be kept completely insulated, this 
thermo-couple may be left uninsulated and brought directly into 
contact with the part whose i;pmperature is to be measured. As 
its heat capacity is»extremely small it will give an almost instan¬ 
taneous reading of the temperature. It should be covered by a 
pad of.^cotton wool or felt whose dimensions may be 
thick. * This pad serves to press the junction closely in contact 
with the surfac,p of tlie machine and keep off cooling air currents. 
It would nbt be fair to regard the temperatures recorded by such 
an instrument as “ temperatures taken by thermometer ”; but in 
many investigations into the cause of undue temperature rise, where 
it is desired to take the actual temperature of various parts rapidly 
and accurately, this thermo-junction will be found extremely useful. 
For instance, a question may sometimes arise as to whether an undue 
rise of temperature found on a field-magnet is due to excessive 
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heating of the pole-faces, the heat being conducted along the poh 
so as to interfere with the cooling of the field-coils, or whether tin 
high temperature of the pole-face is cRused bv the liigli temperatim 
of the field-coils. This question can be most easily settled by finding 
the distribution of temperature -in the end plate of the. field-pole 
immediately after a temperature run. , To^ make this measurement, 
two exactly similar thermo-jmictions sliould be prepan^d. The 
machine is rapidly slowed down after a temperature run; one 
jimction, A, is placed on the end plate of the j)oIe close t(» the air-gap. 
ind the other, B, against the end plate an incli or two away from the 
air-gap. If the temperature of A is higher than B the heat is being 
conducted from a pole face inwards. If the temperature of B is 
higher than A, the heat is being conducted from the •pole-body to 
the pole-face. The same method can be used for settling the question 
whether excessive temperatures c.xperieiiccd in the (uid connectors 
of armature windirfgs are due to the losses in tjie end connections or 
due to losses in the iron or buried copper. 

Another type of thermometer which is very accurate and con¬ 
venient for insertion in various parts of n dynamo is the resistance 
thermometer. It consists of a small coil of wire whose resistance 
is changed with change of temperature. The Cambridge and Paul 
Scientific. Inst.rument Co. supply a ver^ convenient form together 
with'a bridge for measuring the resistance, the whole being calibrated 
to read direct in degrees Centigrade. 

By resistance measurement. 

It is not uncommon for a machine to be sold under a temperature 
guarantee relating to the field coils, the tem])eratiire to lie'meafflired 
by increase of resistance. This metlKsl has the advantage of giving 
the mean temperature rise of^the whole field copjier, but does not in 
general show us whether any parts of the winding are m'ucli hotter 
than the others. The coefficient of increase of resistance, of copper 
with temperature depends upon the temperature at which we are 
working. It also* depends somewhdt on the purity of the popper, 
very small percentages of impurity affecting the shape of tlue tem- 
prature-resistance curve. For the almost pure copper employed 
in electrical machinery, it is usual to assume that the temperature- 
resistance curve is a straight line sloping upwards from - 234‘6° Q. 
The following formula then gives the temperaturi! 'rise, in degrees 
centigrade: 

=(234-6 

where Ri is the initial resistance at temperature t,, and fit is the 
resistance' at the.higher temperature t,. * . * 

Any engineer may make for himself a simple scale m his slide 
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'rule that frill give him at once the change that has occurred in the 
temperature of a copper circuit, when a nhange in the resistance 
is known. A reproduction of*the scale is given in Fig. 32. It can 
be made in a fefr minutes by observii^ the following instructions : 
Most slide* rules ai-e provided with a tangent scale on the back of the 
sliding sti<!h. This is gnyluated from about 5’7° at one end to 45° 
at tlie other. The part of the scale between 8° and 12° is shown 
in Fig. 32. With the point of a pen-knife, lengthen the graduations 
at the points 8°, 8° 20', 8° 40', and so on, and mark these points 
0, 10, •20, 30, etc;., respectively as shown in the figure. Reverse the 
tangent scale so that it comes next to scale IX on the slide rule. 
Opposite the figure on scale D which represents the resistance at 
the lower tenrperaturc, put the number on the new scale representing 
that temperature ; then on scale D the resistances at other tempera¬ 
tures arc opposite; the respe(;tive temperatures on the new scale. 
For instance, if we liave a resistance of 42 ohms at 10°, put the 
nund)er 10 on the new scale opposite 42 as shown in Fig. 32, then 


/O 20 SO 40 SO 60 70 80 90 100 HO 120 



-T 1 , p 

4 5 6 


Kio. -Metiuul (if grailuatiiig thef iangciit scale of a slide rule so as to read 
toin()eratiires fruni resistances of copper. 

tlic resistance at 40° will be 4-715 ; the resistance at 50°, 48-85, and 
so (Ki. If a resistance of 4-28 at 15° C. rises to 49-66, the mean 
, temperature has risen to 55° C. so that the temperature rise is 40° C. 

In taking the rise of temperature by resistance great care must 
be ob,served in getting the “ cold ” resistance. After a big machine 
lias been in operation it may take some time for the interior of the 
field-windings to reach the outside temperature and although the 
field may feel cold the temperature of tjie internab windings may be 
a good*deal higher than the outside. For this reason it is well to 
have at hand the “ cold ” resistance as measured before the mac-bine 
was rut. The actual temperature at which the ‘- cold ” resistance 
is taken should always be recorded. -’ 

Measurement of the temperature of part of the winding by resistance. 

It is sometimes possible to ascertain the temperature rise of 
' different pans'-of a Avinding, say of the buried copper and the end 
connectors lij* measuring the change in potential drop in these parts 
when they are cold and when they have been heated up on load. 
"Tor this'purpose the steel voltmeter points illustrated in Fig. 9 are 
usefvd. Wlien the macliine is perfectly cold, having been standing. 
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for two or three days unused, pass a current so small as not appieciabi’ 
to alter the temperature of the windings during this tet. Pricl 
through the insulation at the ends of a*buried conductor and measun 
the drop in potential due to the resistance of that conductor. Do th» 
same for an end connector. It fe best to make a numb^ of test) 
on a miml)er of different conductors marking the points with chall 
where the insulation has been punctured with the steel points. Now 
heat up the machine by running it on load, and immediately on 
shutting down take the potential drops again at exactly the same 
points as before. If there is any marked differeiHe iji tempefature 
between the biuied copper and the end connectors this will be shown 
by the resistance measurements. As it is possible by means of a 
delicate milli-voltmeter to get cpiite reliable readings of Yhe potential 
drop in a few inches of conductor this method is sometimes useful 
for indicating the positioji of “ hot spots.” 

Over-heating of* a dynamo may be due to excessive losses or it 
may be due to defective heat dissipation. 

Most of the cases of excessive losses in the iron and (topper are dealt 
with in the next Chapter because we are most chiefly concerned with 
them under the heading of efficiency. ,\piirt from cxcHwsivc iron 
and copper losses occurring under norm^jl load conditions, excessive 
losses may occur owing to a mistake in the operation of the machine. 
A generator may bo running at a voltage considerably above its 
normal owing to a mistake in the voltmeter or in the ratio of its 
transforjner, and the iron loss and field loss occurring under these 
circumstances may give rise to excessive temperature. During a 
temperature run a comparison should always be made Af all.the 
available uaita such as voltage, speed, field-current, etc., with the 
data taken on the original test of the machine (or with designers’ 
data, if there is no previous test) to see that they check. Any want 
of correspondence in the data puts the tester on his guard against 
errors that he may make, however careful he may be. Again, a 
mistake may be made in the measurament of the current so that the 
load on the machine is much greater than is Aitended. This can 
easily arise in the case of alternating current generators, tlirough 
misconnection or mistake in the ratio of transformation of thA series 
transformers. Too much care cannot be taken with every link of 
the chain of the argument by wliich w'e arrive at otrr statement afi 
to the actual load-current flowing and in the case of polyphase 
machinery we must of course see that all phases are balanced. (See 
p. 162.) * • 

Defects in heat dissipation. 

- The heat generated in the copper and iron of an electric gfenerator 
has a perfectly defiijite path along which it flows from the place 
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of its origin to the place where it is dissipated to the outer atmosphere. 
Heat can travel in three different ways- by conduction; by con¬ 
vection ; and by radiation. * The first two are by far the most 
important in tJierooUng of electrical machinery. The heat generally* 
begins its"Journey on a conduction*path, being generated in the body 
of a copper wire or in the iron core. Both copper and iron and in 
fact all metals conduct heat so well that we seldom have to complain 
that the undue rise of temperature is caused by the failure of the 
metals to do their duty in this respect. It is usually the bad heat- 
condUcting substances such as solid insulation or air that act as the 
obstruction in the heat path. A convenient method of expressing 
the heat conducting qi.alitics of a material is to give the heat flow, 
expressed in "Watts, which will flow between opposite sides of a centi¬ 
metre cube when the difference in temperature between these 
sides is 1° C. Expressed in these units and also in inch units 
the following table gives the heat conductivity of several materials 
used in dynamo construction : 


Table I. 

Heat Condcctivity or Vaiuocs Matehials usei) in IIynamos. 



'I'livrinal (Jondtictivity. ^ 

Material. 

Per cm. |)er 
of ilitferencu of 
tom|>erfttt)r6 per cm 

Per »fj. in. per “(I 
of ilitferonct! of 
tomporati^re per incli. 


/h W'tf/S. 

/ti 

Coppw. 


. !) G 

Steel jmneliings nlonj? laminations 

O-G."! 

1C 

Sled piinrliinga ni^roas laminations 
(10 |it'r lent, paper insulation) 

00118 

00.? 

Cast iron. 

O-IS.'j to 0-2.'» 

0-.32 to 0-G-l 

Brass. 

0-81 

2-1-1 

Presa-apahn . ^ . 

Varnialied cloth (emi'ire cloth) tightly 

0'(X)17 

0-tX)42 

wrapped . 

0002.') 

0-0063 

Empire* cloth, mica and tape containing 



• Bomo ttir-8pa(TB. 

0(X)l.') 

o-oa-J8 

Built up midi ...... 

0(X)1 to 0-0012 

0-(X)20 to 0-0031 

Linen tape, treated. 

O-OOH 

0-0037 

Stationary afr •. 

00002 

0-0006 


, When t|ie heat arriyes at any surface bounded by air it is necessary 
if it is to pass any further to proceed through tlfto air. The heat, 
conductivity of stationary air is exceedingly poor as will be seen 
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from the above table and we can never get satisfactory clissiption 
of heat from a metal surface, if it is bounded by statiomuy air. If 
the air is in motion the heat is oarifed by convection; the more 
•rapidly the air can be changed tJie more rapidly we can get rid of 
the heat. In order that a smid surface may give up its lioat rapidly 
in this way it is desirable that the air iji very close jwoximity to the 
surface should be moving rapidly. This is a conditioji rather diflicult 
to maintain. Thoiigli we may have a very rapid current of air a 
few centimetres from the surface, the air in contact with the surface 
may move only slowly. 

The following data arc useful in calculating the amount of air 
necessary to get rid of the heat generated in any particmlar electric 
machine: • 


Cubic metres of air per sec. ^ 


watts lost 

temp, rise of air x 1150’ 

'I’his assumes a liaiometric pressure of 7tKt mm. of mercairy, and a 
mean tem])erature of 35" C. To get tlie volume, at any other pressure, 
p in mm., and temperature, T in '^C, multiply by 
3737(i0 
273 '-"'f 


One generally allows 50 per cent, mbre than this in cases wliere 
(as ft usual) the air comes out at various temperatures at various 
parts of the exit. 

If it is known that the temperature is too high although the 
losses are normal, one of the first matters to enquire into is the 
air supply. • . 

Machine;) may be broadly divided into open and closed machines. 
The open machine gets its lyr from the vicinity of the shaft and 
throws it out by centrifugal action, no very definite path, being pro¬ 
vided for the draught. It may get too hot because the air supplied 
to it is too hot. This may be due to the smallness of the room in 
which it is run anij to the failure of ventilating arrangements to change 
the air of the room. Sometimes the hot air from one dynamo is 
discharged into the space where another dynamo has its intake or 
the warm air from an engine may raise the temperature of thaintake. 

One of the commonest caiuscs of the over-heating of open machines 
is the failure of the air which has been heated to gel^ properly away. 
Where this is suspected it is a good plan to generate a dtsnse volume 
of smoke from smouldering waste and allow it to flow from a point 
near the shaft of the machine outwards. The afr-path is then# 
mapped out by the smoke and one can see in what cayities it lurks 
ami see with what velocity it is throivn out into the surrounding 
atmosphere. Not uncommonly in cases of over-heatiilg one fin® 
that the end bells of the armature conduct the air which has paMed 
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• through the armature coils back towards the centre so that it circu¬ 
lates over and over again, and the coils get jiot because they are 
working in a warm atmosphere. Where this occurs the end bells 
must be arranged with proper spaces between them and the frame' 
so as to allow the air to get away. It is sometimes difficult to get 
a proper draught through apd away from the conductors of the 
stator, without the provision of a fan on the rotating parts, but this 
plan should not be resorted to until the best use has been made of 
the natural ventilation of the machine. Sometimes comparatively 
small-changes in the-arrangements of the parts lead to surprisingly 
great differences of temperature. 

Enclosed machines. 

When a machine is enclosed it is possible to make a measurement 
of the amount of air going through it. This measurement may be 
made cither at the inlet or at the outlet. Wheh a suitable inlet is 
available for measurement it has the advantage that the air there is 
free from eddies. Where the outlet is employed the air should be 
passed through a wide chamiel several feet long, provided with gauze 
baffles to make the stream lines reasonably straight.* Various ways 
of measuring the velocity of the air are dealt with on pp. 106 to 113. 

If it should appear that the air supply is insufficient to carry 
away the heat losses without undue rise of temperature, this may be 
due either to the inefficiency of the fan or to undue obstruction in 
the air ducts. 

Obstructed air ducts. Where a machine has been in service for 
some time it not uncommonly happens thatthe air ducts get choked 
up with dust. This most commonly happens where a certain amount 
of oil spray is allowed to escape from the bearings and mix with the 
ventilating air. The oil spray soaks into the dust and enables it to 
form a solid crust on the sides of the ventilating ducts, and may in 
time completely close them. Where the dust is very dry it will 
generally be foimd that it blows completely through radial ducts 
without lodging, especially wheh the draught is strong enough. The 
axial ducts in a revolving part may, however, accumulate dust owing 
to the .fact that the centrifugal force presses the dust with great 
force oh the side of the duct away from the centre, and may in time 
build up a deep solid cake which will almost close the duct, even 
though the llust is very dry and of an apparently non-caking nature. 
Wliero the dust in tlie radial ducts of a turbo-generator is not too much 
I saturated with'-oil, it may sometimes be removed by allowing clean 
dry sand to he drawn into the intake and blown through the machine. 
This forms a sandblast against the sides of the ducts, and carries the 

♦See iMUier by linvlay and Smitli on "Tlie Determination o^ the Efficiency of at 
Turlw-Ocucmtor,” Johph. vul. 57| page 293. ^ 
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loose dust with it. The method, however, is not ellective where the 
dust is highly saturated with oil as is sometimes the case. The most 
effectual cure in such cases seems to*l)e to take out the rotor and 
clean out the ducts by scraping the inside of the vents wit h a suitable 
shaped wire, using at the same time a powerful air blast from a nozjile. 
Turbo-rotors with axial ventilating ducts should always be built 
so that the ducts are accessible from the* ends of the rotor. If it 
is not possible to push a scraper along the ducts from one end or the 
other, it may be necessary to completely disassemlile the rotor before 
it can be cleaned out. When stators are provided with axial.venti¬ 
lating holes these should also be accessible from the ends for the 
purpose of (^leaning, even when the intention is to use liltered air. 
I'hc experience so far with air tiltcrs, is that they do m>t completely 
clean the air and, after running for several yeai-s, ducts in a turbo¬ 
generator may have to be (ieaned out. 

Where machimts are provided witli very small air gaps as in the 
(^ase of induction motors the ventilating ducts may lie closed owing 
to the fact that those in the rotor are not opjiosite those in f.he 
stator, and even wiien the air-gap is suliiciently large to enable the 
air when coming out of the rotor-ducts to get away the whole of 
the radial velocity is lost and this virtually may amount to such a 
loss of pressure as to seriously interfere with the ventilation of the 
machine. 


Where it is found that, notwithstanding the good air-jiressure 
given by the fan, .sufficient air is not flowing through the machine, 
a complete investigation should bo made ol' the pressure distribution 


in the air from the intake to the exit. This can conviyiieutly be 
done by m^ans of a manometer, such as illustrated in Fig. 58.* To 
one side of the manometer,is attached a long india-rubber tube, 
fitted with a suitable nozzle which can be fitted into various parts 
of the air path. If the nozzle is held so that the draught in a duct 
blows directly towards the mouth of the nozzle, the reading obtained 
on the manometer is the sum of the static pressure and the 
pressure due to velocity. For soihe purposeij it is convemeiit to 


take this so that the total loss of pressure as we pass from the intake 
to the exit may be observed from point to point. In any. part of 
the, machine where the current of air is throttled there will he a loss 


of static pressure and a gain in velocity. T’he velocity as a ruie, 
dissipates itself in eddies when a wider part of the channel is reached, 
and only a small part of it reconverted into static pressure. If the 
air is then passed through another place where it is throttled part of^ 
the remaining static pressure is converted into vehxiity jfnd that again 
is dissipated, and so on to the exit. The static pressure at any point 
may be measured by holding the nozzle so' that the draught blowS 
across the mouth. By making a complete map of the distribution of 
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• static and* of the sum of static and velocity pressure, at each point 
along the air channels, some idea can be obtained of what features 
in the design of tlie channels hhvc led to an undue drop in pressure 
between intake and exit. 

Where the faji is itself .incilicient the design of it will need to be 
modified. 'Two qualities arc,peeded in a fan. It must, in the first 
place, be caj)able of supplying the reqiured volume of air per second, 
secondly, it must be capable of supplyii^ that volume at the pressure 
necessary to forcic it through the machine. 

Defective air supply to part of machine. It may be that while the 
< total air supplied to the machine is sufficient to carry,away the total 
heat losses the distribution of air may be so uneven that some parts 
do not get tlteir fair share and become over-heated in consequence. 
The investigation into the pressure distribution in the machine will 

generally throw light on the cause of this trouble. 

• 

Insufficient cooling surface. 

Although enough air may be supplied to carry away all the heat 
that is jiroduced it may be that sufficient surface is not provided 
to communicate the heat to the air. Where this is the case the 
escaping air will be much cooler than the machine itself. One does 
not expeid to find a difi'ereflee of temperature of more than 10° or 
12° C. between the escaping air and the working iron with whith it 
was last in contact if sufficient cooling surface has been provided. 
If there is a greater diifcrence than this it is evidence that more air 
is being put through than can be heated up by the available surface. 

• * 

Ineffibient cooling surface. 

‘ When the ventilating ducts are vesy wide they may get partly 
coated with dirt wthout preventing the proper flow of air, and 
the air may not be properly heated up because of the non-conducting 
layer of dust between it and the siuface of the iron. 

It will be seen from the table on p. 52, that the heat conductivity 
of laminated iron iiwi direction at right an^es to the surface of the 
laminations is only about one fiftieth as great as the heat conduc¬ 
tivity idong the juinching. For this reason some designers advocate 
the use of longitudinal ventilating ducts made of holes punched 
iiv the iron rather than radial ventilating ducts to which the’heat 
must be cohducted across the laminations. A little consideration 
of the matter, however, \vill show that the longitudinal duct only 
I has an advahtstge if the heat which arrives at the walls of the duct 
can be readily communicated to the air. The longitudinal ducts 
are commonly very rough on the inside so that the interstices soon 
get filled. with dust, and the walls often get covered with a non¬ 
conducting layer, tinder these conditions quite a high tempera- 
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tore may exist between the iron and the air that is passing through 
the ducts. Sometimes a layer of dust will collect on the lower hwf 
of the horizontal duct and form a* very effective blanket. The 
•only cure for this state of affairs is to see that the ducts are 
properly brushed out and that the air iilter is made as efficient as 
possible. , ' 

One of the commonest reasons for defective heat dissipation is 
the presence of thick layers of insulation interspersed with air, as 
when armature-coils are insulated with tape wound rather loosely 
or arranged so that air is enclosed around tlie conductors.* I’ho 
stationary air acts as a very effective heat insulator and one* may get 
very great rises of temperature in such coils even thougli the cross- 
section of copper employed would be ample if the coolhig conditions 
were normal. In the early days of turbo-gemwators, end-windings 
of the armatures were commonly braced together for mutual support, 
large quantities of insulating nmterial and binding material being 
used and these copinionly enclosed many layers of air. In some of 
the early machines even wth the current density as low as 121M) amps, 
per square inch, the temperature rise in these groups of conductors 
i)ccame so great as to melt the solder in the ejid-comiectors, and this, 
notwithstamling the fact that a blast of air having a velocity of 
5000 feet a minute, impinged directly bn the insulation. In cases 
of tins kind one may have a tcjnpcrature of the coil quite low on the 
outside while on the inside it may be well over 100" C. The cure of 
course, Js to separate the individual conductors as far as is possible, 
insulate each group with an insulation free from air spaces and 
arrange the air path So that it blows over the surface of the 
insulation. . 

Hometimes the conductors forming the end windings of an 
armature of barrel formation lie so close together that the air blown 
out from the machine camiot penetrate between them and the 
outer layer of the winding gets unduly hot for this reason; with a 
barrel type winding the length of each end-connector depends upon 
the amount of space allowed between the ctmnectors, and where 
sufficient space has not been allowed in the original design it would 
be a difficult matter to obtain a better spacing without reconstructing 
the •whole winding. Sometimes the amount of taping between 
conductors of the same phase is greater than it need,be and some ef 
it can be safely taken off so long as we take care to IcaVe sufficient 
insulation between the phases themselves. In this way, what was 
originally a very badly ventilated barrel-winding cAi "be arranged, 
so as to get a very fair draught through it. The ventilation of a 
barrel winding is often improved by increasing the ffistance between 
the outer and the inner layer. This disposiiion of the" conductoof 
in itself permits of a reduction in the insulation. 
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• Over-heating of armature conductors in the slots. 

The heat generated in the armature-conductors in the slots car 
only get away either by conduction through the insulation of the 
amatiire coil or'’aIoDg the copper conductors to the end windings. 
Where a machine is of short axial length, say about 12 inches, quite 
a largo fraction * of the heattgenerated in the slots can be conducted 
along the copper and dissipated by the end-windings. This is 
especially so on low voltage machines, where the end-windings are 
as a rule extremely cool, each conductor being only thinly insulated, 
and exposed to a fair draught. Where the axis of the machine is 
very much greater as in most turbo-generators, the greater part of 
the heat generated i.i the slot must pass through the insulation 
to the armature core. From the outside insulation it passes either 
into the iron or into the air of the ventilating ducts. It must be 
remembered that the temperature of the teeth of an armature is 
generally higher than the temperature of any otRerpart of the iron, 
and that the heat can only pass from the copper to the iron when the 
temperature of the copper is still higher. The difference of tempera¬ 
ture T,, between copper and iron to be expected in any particular 
case can be calculated in the following way : 

y watts per.sq. cm. x thickness in cms. 
thermal conductivity of insulation 

The thermal conductivity of different materials is given on p. 52. 

The watts generated in 1 cm. length of all conductors in the slot 
should include eddy losses (sec p. 92), and should be divided by the 
perimeter^ taken half way between the inside and outside of the 
msidation to get the watts per sq. cm. 

In high-voltage machines, say of 6600 or 11,000 volts, it may 
require a difference of temperature of 40° C. to make the heat 
generated in the copper flow to the iron, so that if the teeth have a 
temperature rise of 40° C., the temperature of the copper may be 
80° C. above the surrounding atmosphere. In view of the high 
temperatures that may possiblj be reached by anhature conductors 
on turbo-generators*'owing to the augmentation of copper losses by 
eddy-currents, and to tlie great losses in the teeth, it is usual to 
insulate the conductors almost entirely with mica so that they can 
withstand the high temperature without injury. The best ntefhod 
of making u thdrough investigation into the temperature distribution 
in armatures is to place thenno-junctions in the various places when 
the machine is being built, and bring out the wires from the junctions, 
” so that the temperatures can be observed during the run or rapidly 
taken after a "run at full load. As long as we are only concerned with 

• *SeB Joiir. hut. Kleetrmd iingiueen, vol. f)9, p. 298, for method calculatiug tempeia- 
ture diatiibiitioii taking into jiceount conduction along the copper. Also Juar. Amtr.. 
LEX, April 1821, p. 340. 
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parts of the machine that are at earth potential, such as vario\i8 parts 
of the armature iron, the matter is comparatively simple, but where 
we wish to take the temperature of tSe imide of armature coils very 
special precautions must be adopted to avoid the Veakening of the 
insulation by the presence of the thermo-jimction wires. • Thermo- 
junctions in star-wound armature coib should bo placed near the 
star-point, and that point earthed during the run. 

As there are objections to the leaving of thermo-junctions inside 
the insulation of a high voltage machine, wliile it is running in normal 
service, it has been proposed to place the junction in between the 
top and bottom coils of a two layer winding. In this position it 
attains a temperature much nearer to that of t he conductor than if 
it is placed outside the insulation and near the iron of Hhe core. In 
the latter position it records a temperature nearer that of the. iron 
core than that of the upper conductor. I’he following figures 
obtained by Messrs. Newbury and Fechheimer* from tests on a 
12,000 K.v.A. generator arc of great intere.st in showing the acstual 
temperatures reached by various parts. The rating of t.he machine 
was as follows: 12,000 K.v.A., (JOOO-voh, 3-pha.sc, (iO-cycle, 160 
revs, per min., vertical alternator. The stator had the following 
dimensions: 


Internal diametei’ - 
External rliamcter 
Core width - 
13 vents each 
324 slots, each . - 
4 (onductors per slot. 
Size of conductor - 


- 102 inches. 

- 209 inches. 

- 33 inches. 

- .J inch wide. 

- 0-79in. x3’45 in. 

- 4(0-129 in. xO-21 in.). 
4(0-l(i2 in. xO-25) asbestos 

covered. 


For arra,ngemcnl. of < onductors, .see Fig. 33. 
Connection, two-circuit star. 

Throw of coils 1 and 7. 


In order to make tests with theriuu-jimcuons on tiie Dare copper 
these junctions were installed in coils near the neutral poiht., and 
the'neutral was earthed during the tests. Points near the centre 
of the machine were chosen where the temperature v'o,uld be at*a 
maximum. 

In addition, thermo-junctions were installed mid^y,between the 
top and bottom coil sides, and in doing this two different arrange¬ 
ments of slot lining were employed in order to see tlft effect upon 

♦“Some Piiictiifil Kxpcrienc« with emlxidded Teiujieniture J>eteMorii in larsf? 
Qenei'atoi'e.” F. IJ. Newbury and C. tl. Fechheiiuer. yVtm. A.I.E.E., vol. 39, July 
1920. 
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* the temp^ture. In one arrangement the cell pf the slot lining was 
arranged in a single piece, enveloping both coil sides as shown in 
Fig 34a. In the other arrangement two cells were used each envelop¬ 
ing only one coil‘'8idc as shown in Fig. 34b. Thermo-junctions were 
placed in iJic packages of iron adjacfeiit to the central vent. Thermo- 
junctions were also embedded in the iron as shown'in Fig. 33. These 
were in the middle of a package of iron next to the central vent. 

Two heat rims were made. The first at 6600 volts, 960 amperes per 
phase was continued until the temperatures were constant. Then 
without shutting down, the voltage was raised to 7260, and the 




Via. 33. 


Fia. 34. 


current kept constant at 960 amperes. Both runs were made at 
nearly zero power factor with lagging current. 

Tlie temperature rises above the ingoing air are given in Fig. 33. 
It will be seen that the conductors near the mouth of the slot are 
hotter than the others. The thermo-junctions placed between the 
two coil sides are from 13 to 18° C. lower in temperature than the 
copper of the conductor immediately above them. This is partly 
because the coil side in the bottom of the slot is lower in temperature 
than the coil side in the top of the slot and partly because the thermo¬ 
junctions in thjs position can never attain the average temperatute of 
the copper above and below them. These tests are useful m showing 
how far temperature detectors so placed fall short of their purpose. 

The iugding air temperature was 31 deg., so that for the first heat 
run the highest temperature of the top coil was about 107. The 
calculated eddy current loss for the top coil was 48 per cent, of the 
l^lt loss. The /‘/i loss at 0 deg. Cent, with 960 amperes per inch 
length of coil was 1'09 watts. The average surface (taken as bare 
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copper surface plus three times the distance from copper to iron) 
is 3'31 sq. in. Tlie watts per sq. in. at a temperature of 107° C. 
were * 

' (1+0-00427 xJ07)l-48xl-09 

3*31 

As tlie thickne.ss of the wall of insvilatioii w.as 0-164 in. and its 
conductivity about 0 003 watts per incli cube per degree Cent, (see 
p. 52), tlie tliennal drop from copper to iron to lie ex|K‘(.'te(l was 

0-707x0-154 , , 

om • 

The temperature rise of the iron 48-5° C. in the finst run i.s taken 
as tlie mean of the niaxinium readings in the tei+.li and just back 
of the teeth. As part of the coil surface is e.\posed 1o air, at say 
10° 0. above the ingoing air, we must take the weighted mean 
temperature of the iron and air as follows : 

48-5° C. X 26J in. -t-10° 0. x (ij in. 

33 

The temperature of the copper of the top coil above the ingoing 
air which we arrive at by calculation is therefore 30-2 | 40-8 = 77° C. 
This agrees well with the average figure* 70° (!., obtained by means 
of tfie thermo junctions. The. above calculations do not. allow for 
the flow of heat along the condm+ors to the end (amnections. As 
the machine had an axial length of 33 inches, the amount of heat 
dissipated in this way by the centre of a coil would be small. 

Where it appears that the temperature rise of a turborgenenitor 
is too liigli ,-)n load, a test should be made at no load, with the ex¬ 
citation adjusted so as to bcj;qual to the rpnultant excitation at full 
load (see vector 01, in Fig. 212, p. 211), and the temperatures of 
various parts of the iron, end plates and armature copper taken 
after they have become nearly constant. A temperature test sliould 
then be taken wifh the armature conductors short.-circuited (see Fig. 
210, p. 209), and the field-current adjusted to give full load •current 
in the armature. An inspection of the figures in the two cases will 
generally show where the trouble lies. If in the open-circuit test 
thearmature conductors arc hotter than the teeth, it shows lliat the 
armature copper is being heated up by eddy-currents/lue to magnetic 
flux across the slots (see p. 92). If the armature tefeth are ex¬ 
tremely hot, we have an indication of excessive iron loss in the teeth. 
If the end-plates are hot in the short-circuit run due tt) eddy-currents t 
in them generated by the field around the end connectioijs (see p. 103), 
it may be that the heat from these is conducted into the.iron core, 
and leads to a wise of temperature of the core above tlio normal.’ 
Even when the heat from the end-plates cannot be condmded into the 
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• core, as where a radial vent intervenes, the losses in the end.-plate8 
may contribute so mtich heat to the cooling air as to affect the 
ultimate temperature reached'"by other parts of the machine. It is 
generally found 'that the losses on load are about equal to the 
summation of the losses on open-circuit and short-circuit. Where 
the losses are considerably increased by eddies brought about by 
tooth saturation (see p. 92), the full-load loss may be even higher 
than the said siunmation. 

Where the temperature of armature conductors in the slot is 
too high, as a rule nrrthing can be done to overcome the defect without 
making modifications in the design. An increase-of the air-blast 
in turbo-generatora may do something to cool the teeth and in that 
way affect the temperature rise of the armature conductors to a small 
degree. General high temperature of the machine, brought about 
by high iron loss, field-loss, or end-plate losses can be lowered by 
increasing the supply of cooling air. 

Excessive temperature of field coils. 

A field-coil gets rid of its heat either to the surrounding air or 
by conduction to the pole-body. The heat from the inside layers 
of the coil has to pass through the successive layers of copper and 
insulation before it can reach the exterior of the coil. Where the 
depth of the winding is rather great, say 2 or 3 inches, very excessive 
temperatures may be reached by the inside layers owing to the poor 
heat conduction of the layers of insulation, especially when the wire is 
loosely wound and contains a good deal of air space. The difference 
of temperature that may be expected between the inside layers and 
the ascteridr of the coil may be roughly calculated if we have available 
the following data: 

(1) The current density in the copper. 

(2) The thickness of the insidation per centimetre depth of coil 

and the niiture of the insulation. 

(3) The space factor of the winding. 

(4) Xhe ratio of the length mf the bobbin to the depth of the 
. windings. 

In what folloAvs we shall employ the following symbols : 

I --^length of bobbin in centimetres. 

< d—depth qf winding in centimetres. 

/j —current density in amperes per square centimetre. 

o---= copper space factor. 

i„ =thicknes8 of insulation per centimetre of depth of winding. 

i=heat conductivity of insulation in watts pfer square centi¬ 
metre per °C. per centimetre of path. 
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The law of distribution of temperature takes the general form: 

..where T,,,., is the temperature of tlie hottest point measured from 
the artificial zero (235“ below 0° C ), and T, is the temperature of 
any point distant x centimetres from the hottest point alftig a line 
drawn in the direction of the flow of’hcirt at right angles to the 
cooling surface, and 

, /j-CxlO ' ''x<TX»' 

-1-.X235- • 

The value of p,x in practice is such that cos p,x never assumes 
negative values. In table 11. arc given values for k,, in some t)'})ical 
cases founded on tests made with wire-wo\md coils. * 


j Tabi.b II. 

VaLCK or t:, Foil WlIlK-WOC.NI) ('oii,.s. 


Kiii.l of Wire 

llow'rieatnl. 

Diamotor uf 
AViif. 

u 

^'ijuuri’ win- douljlc. 


hichi'H. 


1 Made solid with 

«dH i 

0-(X)l20 to O-OOHO 

foMon coven**! 

lient-eonilui'liiif' 




enamel. 



Square wire double. 

; nntrealed. 

1 UlM 

OtHXlKO to 0 -(K)l 00 

cottoif coveretl. 
Jlound wire double. 

i linyrej'iialed and 

;()-o;iion-ri 4 

O-OOtKc, to 0-(X)09D 

coth ri covered.. 

made into solid 

! i 

• 

• 

■ block. 



Romiil wire iloulilo, 

i Treated witb 

jlHWto 0-111 

0-(XKI«5 to 0-00090 

cotton covcrccl. 

! enamel. 



ttoimil wire (loiililc. 

■ I'nlrcated, 

0-07 to 0-111 

o-txxriotoo-txxxio 

cotton coviTcd. 

lif’litly wounil. 



Round wire doiildc, * 

; I'ntreatcd, • 

IH« to 0-070 

o-txxiio to y-ooo 50 

cotton covered. 

lightly wound. 

• 


Round wire double, 

Ontreuted. 

; 0-0.7 to 0-070 

0-(XX)20 Io0-(XX)3D 

cotton covered. 

! loosely wound. 

; 

! 


The figures given in this table allow a certain margin loV variations 
in the construction of the coil which, so far as the tests went, appeared 
to be sufficient for tightly wound coils. For instailcc,’ the lowest 
value obtained for 0'032 in. round wire double-cotton •covered and 
enamelled was 0 00065, and the highest value for 0114 in., wire was 
,0 0009. For uiftreated wires both sizes averaged about •0 00055. 
It is possible that the margin given should be made wider. For 
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' loosely wound coils it will be very wide. The value of A* is inde¬ 
pendent of the thickness of the insulation on the wire. The thick¬ 
ness of the insulation is takdn into account in the formula in the 
quantity whieh is obtained by multiplying the number of layers 
per centimetre with the. double •thickness of cotton covering on 
each wire. , 

Example. A nhunt coil Ib wound with 3480 turns of round double-cotton- 
coverwl win*, dia. ()‘080* ban*, 0*092" insulated. Let us first consider the case where 




ilfl. 35.—Dimensions «l Isrpo sliimt coll from which the temperature rise inside* 

• • the coil can be approximately determined. 

the coil is impregnated and made into a solid block. The dimensions of the coil 
are as given In Fig. .H5. There arc 40 layers of 87 turns each. Between the coil 
iu)d tho pole tlnrc is a total thickness of iV inch treated fnllerboard, and not more 
than aV iiiqh of air space. There is a fan on the armature which creates a breeze, 
vhich is directed by the frame in an axial direction at a veldbity of 2 metres per^ 
lecpnd against the sides of the roil. The ends of the shunt coil are flanked with 
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fiillerboard, and are disposed in such a way that the cooling of the enfla may bO' 
taken as about half as good as the sides. ^ 

find the maximum temperature rise inside the shunt roil after a long run at 
1-36 amperes exciting current. 

The total length of wire in the coil will be about 20.0(K1 feet, having jf resistance 
of 35 ohms cold, or say 10 ohms hot. The total watOi bwt in the coil will therefore 
be about 760. 

The thermal resistance of a .sq. cm, of the fullerboard. 0'2.'il cm. thick, is 180, 
and of the air space 1.50, giving a total of ,330 ; so that we have wat t conducted 

' per sq. cm. |)er “(h Now calculate the cooling cocHii iciit of the external si'irface. 
This can lie done from the formula 

•0011(1+(H7e*), , 

where is the heat flow in watts dissipated from 1 sq. cm. cd surface for IT. of 
lempi'rature rist* al)ove the impinging air, and r is the viOocity of the air in metres 
per second. Here we have 

Aj - -IX) 11(1+ 0-t7 X 2 X 2) H l•fK«2. 

If Aj for the ends is half this, we may conveniently take half t he area at •(K)32. 

The cooling constant being approximately the same, we will as a first trial 
apportion the watts between the siirfai es in proportion to their anal. The areas 
of the.various surfaces are : 



fUl. 

WattH takfli AWitf. 

Inside surface touching pole 

29(m 

258 

Outside surface 

loot! 

357 

One end surface 

1620 

145 

. 

,8520 

70(1 


Now find the temperature drop through the insulation with this provisional 
apjHirtionment of t he total watts : 

2.58 ()()H9 

=0-089 watt per sq. cm, =abont.')0' ('. 

2900 • ^ 


If the pole were .35° C. (10" hotter than the air), this would make the ihside of 
the coil next to the insulation 0.5° ('. Next find the drop of temperatiire^belween 
outside of coil and air : 


.357 0-089 

— .,0-089 = 28°0. 

4000 0-IXJ.32 


If the air blown on the coil be taken at 30° this would (five ’58" (.!. for the 
running temperature of the exterior of the coil. Now see if this.distrihution of 
temperature will fit sufficiently well a temperature gradient curve with its apex 
jn a suitable position to give the assumed flow of heat i.Iwards and outwards. Lei 
the copper space-factor^be 0-6. The total thickness of cotton covr-ring per qm. 

W.D. K 
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is 0-136 cm. ’ The value of tyj can he taken from Table II. to be 0-00095. The cunent 
dtinaity 134 amps, per «((. cm. muet J)e multiplied by the coefficient 


0-83- 


'8-1-3-6 


to allow for the cooling toward® the* ends of the coils. Thus we have 


(235 


/0-6xl-6xl0- 

/),=-134x0-83V.-. 

'' ' 0-00096 X 

The»law of^ic temperature distribution is 

T'x='^imx “o® (0-085 X X), 


X 0-135 


= 0-085-. 


where x is raeafiurcd ft^m he chain-dotted line Pig. 35 at a distance Xj -= 4-8 cms. 
from the surface of the wil This distance Sj must be found by trial and error. 
In fixing provisionally the position of the apex of the tem|H-rature gradient curve, 
we must remember that it is the watt-shed of the coil. Its marks the position of 
the surface inside which all heut travels inwards, and outside which all heat travels 
outwards. The total volume of the coil should therefore be divided by the watt- 
shed plane into two volumes, one of whidi sujiplies the heat travelling to the inside 
and the other the heat travi'lling to the outside. If now, in our example, we put 
the watt-shed surface at a distancs! of 4-8 cms. from the outsid-, we shall find that 
the amounts of heat generated the volumes cut oil are ahoiik in proportion to 
367 and 258 rtispectively. We find from • 


(0-086x4-8). 

where - (68" -i- 236°) - 293°. This gives us r,.,„ == .320". .320 - 2.35 - 8.5;’. 
Thus the law of distribution of temperature within the coil becomes 

* T, --= (86 -1- 236) cos (fl-OSfix). 


From this we find that the tem])erature of tdie copper next to the internal insu¬ 
lation works out at 03 ' ('. This is sufficiently near the assumed value Ob for us to 
accept the position taken for the ape.\ of the curve. Fig. .‘ifi then gives ai)proxi- 
mately the distribution of temjierature under the iireserihed conditions. 

Next consider the case where the i;oil is not imi)regimted.and is rather loo.sely 
wound, so that we may take Wiat a figure as low as 0-0(101. Let tliedc|)th of w-iuding 
be increased to .3-7", and the, space factor be reduced to 0-686. Tlien 


p,-=134 


/()■ 

34 X 0-8.3 Y 


-685x1-0x10 “x 0.1.35 
0-0004 x 235 


-0-129. 


We may now‘take the watt-.shed surface at a distance about 4-9 cms. from the 
outer surface, because the depth of the winding is greater than before. 

The law ofthe*temperature distribution is 


2'* = J-^^cos (0-129x4-9). 


Now cos 1-03--^O-Sl. 

Tj at the surface (68 -t 2.35) = 


293. 


293-r„„,x 0-81 ; therefore 362. -(262 - 236)-127°C. 
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V6T 

.This is a dangerous temperature, and woi))d soon render the cotton'covering 
brittle and valueless. Thus the effeti of wiiiding^tliis roil rather loosely and sot 
impregnating it is to cause the tenijierature of the internal layers^to rise from 85° 
to 1^7° C. In this calculation it has been assumed that the outside of the coil is 
maintained at 58°; in practice the greater ioss in the coil would lead to higher 
temperature of the surface and a corresponding increase in the interior. 

This example and the figures in Table II. serve to show how very 
important it is that the layers of wire in a field-coil sliall be tightly 
wound. The matter was emphasised some years ago when machijves 
bWlt of a standard design were being built in two different factories 
A and B. The machines in factory A were always well within the 
temperature guarantee while the machines built in factory B were 
invariably above the guarantee; On making a comparison between 
the dimensions of the coils wound to the same specification in the 
;wo factories, it was feund that in factory B, the space factor was 
jonsiderably worse than in fiu-tory A, as much care not having been 
;aken in hammering down the layers of wire. The poor spiwo factor 
lad two bad defects. It decreased the heat conductivity of the coil 
and it decreased the distance between adjacent coils so that the 
ventilation was not so good. Upon re\vinding a set of coils in 
factory B, with precautions that ensureil the layers lying closely 
together*the temperature rises were reduced to the same value as 
those obtained in factory A. 

Defective heat conduction towards the pole. 

Sometirnes the insulation put upon field-coils between the wire 
and the pole is mucli thicker than is necessary, or wliiit is worse stilly 
is of a kind tlujt encloses a great number of layers of air. When 
this is so, the passage of heat frojn the iirside of the coil to the pole 
takes place under great ditficulties, and the coil may in consequence 
assume a temperature above its guarantee. This defect may be 
cured by taking oiT a quantity of the loose insidation and replacing 
it with a good reliable insulation of reasonable heat - conducting 
quality such as two layers of empire cfoth and oig* layer of ODS" 
leatheroid. If the pole is not wide enough to fill up the pole-sphce 
with this new insulation it may Ice flanked with sheet iron held in 
position, by means of bevel-headed screws and having the corners 
well roimded off. The acldition of this iron may also he^ to reduce 
the field-current in cases where the poles are a little saturated.* Some¬ 
times field-coils are provided with a ventilating duct between the 
inside of the coil and the outside of the pole. Where ttiis* is done 
care should be taken to see that a good draught of air i% actually 
blown through this ventilating duct. If the arrangement of the pole 
is such that it is impossible to get a good draught of air through the 
duA it is better to fill the space up entirely with iron and rely upon 
the heat conductivity Between the coil and the iron of the nole 
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DefectiVe surface coolingr of fleld-coils. 

It not uncommonly h^j^ns on staticumry field magnets that the 
circulation of ^ir in the vicinity of the fielS-coils is very poor. This 
is esp^ially so on D.C. machines provided witli commutating poles 
which nearly fill the space between the main poles. In these cases, 
special arrangements ‘shohld be provided for creating a draught 
between the coils. A fairly simple plan is to direct the air which 
comes away from the top of the commutator necTcs so that it blows 
in .an axial direction from the front or commutator end of the 
machine, through the field-coils to the rear. The placing of a feifr 
suitably shaped baffles fixed to the brush rocker is sufficient to effect 
this improvement. It must be remembered tliat the air coming 
away from the commutator necks is moving mainly in a circum¬ 
ferential direction, and the directing vanes must be shaped to change 
this tangential velocity into an axial velocity.* In cases of difficulty 
it is best to arrange one vane between each pair of field-coils. 

In the case of revolving field-coils where the axial length of the iron 
is great as compared with the pole-pitch, the temperature of the field- 
coils may be too high owing to defective ventilation between adjacent 
coils. Kven where the speed of the machine is fairly high and it 
may appear as if the draught was fairly good, the, shape of the air- 
sjiace lietween the coils may be such as to create an eddy of<air that 
carries the warm air round and round and does not permit of a 
sufficiently rapid change of air. Where the space between the coils 
cannot bo made very great it will be found a great advantage to 
have yk duct of fairly wide section immediately below the lower 
ffnd of the ficld-i^oils. 'I'liore is usually a space at the root of the 
poles between the lower end of the field-coils and the yoke. This 
space is not uncommonly filled up' with a metal or wooden filling 
piece. In cases where the ventilation has been defective, good 
results have been obtained by taking out this filling piece and 
arranging for an air-duct which feeds air into t he narrow space between 
the xoils, the whole length of the machine thils avoiding the eddy 
spoken of above.* Sometimes very considerable improvement may be 
eflepted in the temperature of revolving field-coils by what seem to 
be comparatively small changes. The mere changing of the shape 
, of the junction between one coil and the next on strap-wound field- 
coils from a flat jimetion sticking out in a tangential (brection to a 
flat vane arranged in a radial direction may make a difference 
of several degrees in the temperature rise of the coils. When no 
other plan is effective in reducing the temperature of the field-coils, 
one may resort to a fan attached to the field-spider. This fan is 
most .effective when the vanes are arranged as scoops which slice 
into the almost stationary' air round the field and convert it into an 
axial draught between the coils. 



CHAPTER III, 


LOW EFFICIENCY. 

The efliciency of dynamo-elei trio machitJcry is sometimt's specified 
as tlie efficiency calculated from the losses measured at no load. 
This is common in tfie case where the nature of the machinery is 
such that the actual efficiency would be rather difficult to measure. 
In order to check the efficiency in these cases, all that is necessary 
is to measure the iron losses, copper losses, and friction and windage 
losses. These are added to the normal output in order to get the 
calculated output; then the efficiency by definition is the ratio of 
the output to thfc calcidated input. This tnethod takes i\o account 
of the stray los.ses wliich invariably cxcur at full load and which are 
generally more difficult to measure (.see page 104). The efficiency 
(aihudatedjn this way is tlierefore rather higlier than the actual 
efficiency expected. 

Sometimes an attemict'is made to arrive at the stray losses by 
measuring the Joss(!s on short-circuit and taking these, or a specified 
part of them, iirstciid of the armature Mt losses. An efficiency 
cidculated in this way is called the “ conventional efficiency ” (see 
page 104). 

Measurement of iron losses. 

There are three 'main methods of measuring the iron loss.of a 
dynamo-electric machine: (a) where the machine is driven by an 
independent motor, (6) where the machine is <lriven itself as a mptor, 
(c) whfre the machine is running by its own momentum and the 
losses are measured by the retardation. 

{a) Iron Loss by Independent Motor. A D.C. niotcjr is direct- 
connected or belted to the machine whose iron loss is to be measured, 
and the power taken to drive the machine at normal speed at various 
degrees of excitation is ascertained by measuring the input to the 
driving motor. The measurements to be made and the method 
of working out th^ results are sufficiently indicated in Table'tV., in 
wBich are given the figures for an actual test of a 600 k.w, 550-volt 



7» DYNAMb-micnraO MACHINERy 

machine. The losses of the driving motor at each load should be 
ascertained. These are entered in a column next to the total power 
supplied. By deducting the driving m,otor losses we get the net 
power required to drive the machine on test. Care must be taiken 
that the brushes are pocked to the position which gives minimum 
drivin'^ power at fulWoi,tage (see page 262). The power taken to 
drive the machine at*zero excitation gives the friction and windage 



FIELD AMPERES and K.W.IRbN LOSS 

a Fit). ttO.—Magn<iiizAii<in »m1 Iron Ima curves <«! 600 K.w. generator showing bow 
to tiiul tlie iilegitimato iron losses ” (see p. 90). 

including brush friction and losses in the motor. This figure sub- 
1 •tracted froio the net driving power gives tlie iron loss. After taking 
the iron'loss, the brushes are lifted off the commutator. ^I’he result 
is shown in the table in a fall of the driving power from 6230 to 2110 
watts, shoAtii\g that the brush friction was 3120 watts. After the 
brushes have been raised it is well to take a check reading at full 
excitation to see if the iron loss comes out the same as with the 
brushes'down. Usually this check shows that hhe brush eddy loffles 
are not .negligible. The belt is now taken off the driving motor, 
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and it is found that it requires 304 watts to run the driving motor. 
Therefore 2110—304=1806 watts is the power lost in bearing 
friction and Avindage. If in these tests it is necessary to use a very 
tight belt, it is well to make some allowance for Josses in the belt. 
Fig. 36 shows the method of plotting the magnetisation curve and 
iron loss curve. J 

TAm.K IV. • 

Iron Loss Tk.st itv Indki’knde.nt Motor Method. 
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(h) Kapp Iron Loss' Test. 'I’iie secotid metJiod oi' measuriiu; the 
iron loss is applicable mainly to commutating machines which can 
be run as D.C. motors. The test is commonly known as a Kapp • 
iron loss test. The machine is run at normal speed with different 


Tahle V. 

. Iro.n Je)S.s Test hy Kati''s Method. 
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voltages applied to the armature termiiials, the excitations being 
adjusted so as to give the correct speed at the particular voltage 
applied for the time being. The product of the armature current 
into the armature voltage minus the PR losses gives the power taken« 
to drive the machine. Thjis the iron loss at normal speed at various 
excitations may be determined. The readings to be taken and the 
method of working out the results is sufficiently indicated in Table V. 

The results are plotted in Fig. 37. The point where the iron-loss 
curve meets the abscissae line gives the friction and windage losses. 



5 10 15 20 25 K.W.LOSS 

Fig. 37* —Maf(netizatiuii ami Irtm-Losa curves obtained by Kapp Iron Lobs Tost. 

(c) Iron Loss by Retardation. Method. The retardation method 
will often be fovuid ( onvenient for measuring iron losses and other 
losses in dynamo-electric machines. It is especially useful in outdoor 
cases w’here it may be difficult to connecit a driving motor. If 
carried out with proper precautions, very accurate results can'be 
obtained by^it.' I’he mndus ofcrmidi is to run the machine, up to 
speed, let it” run by its own inertia, and measure the speed from 
instant to instant as it is slowed down by the losses. One should 
have for tlie purpose an acciu'ate tachometer, such as that illustrated 
in Fig. 8.* The tachometer must be belted to the machine with a 
good tight bplt free from slip. The frequency at which it is necessary 

* Or a strq)) 08 copic method of speed measurement may be used (see page 77). 
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• 

to take observation of the speed will depend upon the rate of 
deceleration. In big, high-speed machinery the deceleration on 
no-load is small, and it may be sufficient to take readings of speed 
fk ® seconds. With smaller and 8lo\/-speed machines 

the observations may be taken every two seconds. It is a good plan 
to cut a piece of paper to the same curvature as the sciUe of the 
tachometer and place it over the pointer on the inner side of the 
scale so that the end of the pointer is visible past the edge. If the 
eye is then held in a position to avoid parallax, the pointer can be 



followed cdosely with a point of a pencil as the speed falls,’an<l a 
mark made on the paper the instant a signal is given.. One observea 
holding a stop-watch gives signals at regular intervals,-say every 
five seconds by tapping on a table with a pencil at the instant that 
the stop-watch crosses the fifth-second mark on the watch. With 
a little practice the two observers can work always with the same 
persona! error so that the marks on the paper of the tachometer 
Mcur at a definite frimtion of a second after the watch passes the 
mth-second mark. After a set of observations, the speeds are read 
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off the tachometer scale opposite the pencil marks. The recorde 
figures are plotted with time as abscissae and speed as ordinates, a 
shown in Fig. 38. By dra’Sii^ a free curve through the recordei 
points we obtAin the speed-time curve*. As a rule the record© 
points do not fall exactly on the cftrve, owing to errors of observation 
but the slope of the curye at any particular point is fairly accuratel; 
8.scertained. It is well to start the machine sufficiently far abovi 
normal speed so that the readings when plotted give accurately th( 
slope of the curve at normal speed. 

For machines which contain a great deal of stored kinetic energy 
the curves are nearly straight at normal speed, but the slope of t£t 
curve usually diminishes as the speed falls. 

If M, i^f the nioment of inertia of the rotating part in kilogranu 
at a metre®, and w is the angular velocity in radians per second, the 
kinetic energy in kilogram-metres is given by the expression 

1 

2 9-81 ■ 


The power given out by the rotating part as it loses speed is pro¬ 
portional to the rate of change of this expression with regard to 
time. 'I'liis is equal to 


1 

9-81 


» . 


In convert.ing back from kilogram-metre units to electrical units, 
the multiplier 9-81 comes in and cancels the 9-81 in the denomi¬ 
nator in, the first expression. It the moment of inertia of the revolving 
ptirt is known, the losses e.xpressed in watts in any particular case 


are obtained by findijig the value of the from the slope on the 


curve, and nudti})lying by the speed e.xpressed in radiairs per second 
and by the numicnt of inertia in kilograms at a metre®. Fig. 38 
relates to a 600 kw. 3-phase 2100-volt generator whose normal 
speed is 375 ii.p.M. Curve 1. is the deceleration curve when the 
machine was run unexcited, the only losses being friction and windage. 
The friction and windage at 375 n.p.M, amounted to 5920 watts, and 
the moment of inei-tia was 1018 kilograms at a metre®. If wc draw 
a tangent to. the curve at 375 r.p.m., wo find that the change of 
speed is 1-42 k.p.m. per second. As these units are not those used 
in the above formulae, we may, if we like, plot the results in radians 
per second ak is done in Fig. 39. The slope of the curve then gives 
us directly 4ihe rate of change of speed in radians per second per second. 
Or, if wje prefer to stick to the more usual shop units, we can convert 
from revolutions per minute to radians per second by multiplpng 
by ■1047.* Thus the rate of change of speed at 376 K.P.M. (nammy 
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1-42 K.P.M. per second) is e^ual to -1486 radians per second per seoon 
The speed of 375 r.p.m. is equal to 375 x ’1047 =39-2 radians p 
second, so that the friction and \^^ndage losses are equal to 
1018 X 39-2 X -1486 =5920 watfe. 

In this calculation it is necessary to know the moment of iuerti 
If the moment of inertia is unknown* it van be determined by takir 



. SECONDS 

• 

Fio. ‘lO.—Showing' iir'IImmI of liiiding tho hIo)>c of a viiAo in nuliaiiK |km’ w.‘C. |K'r 
hcc. TiiiH iiiulliplitrd Ity (he Kpevd in ivuliann aitd Ity Mr given the Iom 

tllnx'lly in wattH. ^ 

two retardation curves at two different loads whose dilileronce is 
known. To find the moment of inertia of the QOO k.w. machine, 
the following method might be employed. Run the* machine at a 
low excitation, say to give 500 volts, and take the retardation curve. 
This is curve II., Mg. 38. Now load the 500-vdit generator on a 
resistance rack with a known load, say 10 k.w. The load should 
not be made too great or the retardation will be very.rapid. The 
load ought not to l)e too small or there will not be a sfffficient differ¬ 
ence in the slopes of the two curves obtained. The generator in 
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Question excited to 500 volts and loaded with 10 K.w. will give 
the retardation curve III. in Fig. 38. We then have in the two 
cases the following expressions ifi which M„and X are unknown; 

M, X ® X = Z watts, 

^at‘'ll 

A/,. X «. X rt*) -(Z+10,000) watts. 

^dViii 


Subtracting ojic from the other, we get 



= 10 , 000 , 


10,000 

' i/die\ /da)\ ) 

In this ease 

kilograms at metre“, 

BO tliat by taking the (lifference between the two slopes at any given 
speed the moment of inertia of the macliine in question can be 
determined. 'I'hc value of Jl/, can now bo filled in the e;cprcssion 

watts 

at 

to determine the watts lost in any retardation curve. 

The friction and windage in most machines is roughly propor¬ 
tional to the square of the speed. When this is so, the slope of the 
retardation curve is proportional to the speed. The proof of this 
is as follows: 

Let 


d«> K 


(ii—C'e ***. 

The retardation curve under these conditions is an e.vponential curve. 
A W.C. generator .with constant excitation and loaded on a constant 
resistance will carry a load proportional to the square of the speed, 
because both the voltage and current change with the speed. If we 
wish to make Th<f retardation curve a straight line, it is necessary to 
adjust the load so that it is proportional to the speed. If the load 
on the machine is great as compared with the other losses, we can 
make the lead proportional to the speed by connecting the machine to 
a resistance and keeping the current constant. The volts then vary 
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as tlie speed, and, the current being constant, the load is proportionaf 
to the sped. It is sometimes cojjvenient to keep the load pro¬ 
portional to the speed in a calibration test, because by so doing 
we can ascertain the slope of the curve with great accuracy. The 
plan is to first of all make a rough determination of fho friction, 
windage and iron losses at light exVitidion at various speeds, and 
then tc make a plot of the load required at various speeds in order 
to make the total load vary as the speed. It is then a fairly simple 
matter to adjast the resistance in circuit with the generator as the 
speed falls so as to keep tlie load ver}' nearly proport.ional to the 
speed. 

Curve IV. in Fig. 38 gives the retardation curve for the 600 K.w. 
generator with full iron lo.ss at 2100 volts, and friction and windage. 
At 375 R.P.M. the slope of this curve is 5-07 r.p.m. per .secauul, which 
is equal to -52 rsulians per second per second, ihe slope of curve I. 
is -1486 Indians per second per second, so that the iron lo.ss is equal to 

1018 x 39-2x(-.52—1486) -=14,800 watts. 

The retardation curves can also be used for taking the losses on a 
short-circuit test. As the current tlirough the annature is almost 
inversely proportional to the reactance (the resistance is usually 
small as coihpared with the reactance^, and as the reactance falls as 
the speed falls, tlie short-(ircuit current at constant e.xcitation will 
be almost constant over a fairly wide range of speed. 

S^oboBcopic method of measuring speed. One of the most 
accurate metluKls of measuring the instantaneous speed of a running 
machine is by the use of .strolioscopic apparatus. I )i. C. V. Drysclale * 
and Ur. U. Itohertson f have developed this mctliod, and have, pro- 
vided the engineer with very (sinvenient and accurate pieces of • 
apparatus. 'I'he stroboscopic di.se designed liy Ur. Urysdale is 
shown in Fig. 40. This disc is attached to the end of the 
shaft of tlie machine and viewed throngh a rotating slit, or, 
as is more convenient, illuminated by the instantaneous action 
of a neon tube. The tube is lighted at each vibration of a'standard 
tuning-fork, which is kept vibrating by electrical means. ‘The luy- 
aut of the apparatus is illustrated diagrammatically in Fig. 40. As 
the speed is increased from 50 up to 3000 r.p.m., speeds are passed 
through at which the square, the pentagon, or thp hexagon appear 
;o be stationary, either singly, doubly, or trebly reproduced. A 

• DrysiUle, 0. V. “Strobosimpy/' Tram. Opticui Horiefif of p. 1 (I905*6); 

')fttician and Photographic TmdeH lienev\ v(»l. JJO, p. 338 “njxteil, Kmiuoiicy, 

ind Accelenttiori Measurements,” Elec. UevkiCy vti]. fii), pp. 363 lirui 403 
Keniiellv, A. K., and Whiting, S. K. ‘^Tlic Measurement of liotury 8|>(*edH of Dyiiatno 
UFachines by the Stroboscopic Fork,” Tram. Amer. 2mt. Elec. Evgnt.^ vol. ilT, p. 0.'JI (I&08). 

tRobertson, D* “The StruboMcope in Speed MeaHureriieiiU and othe)- Engineering 
’eats” Tran*. Innt.of Engrft.aHdShiplmildcrttinScothmdy\(A 56,p.332^^13); mchani^ 
HiigiMery vol. 31, pp. 31S and 539 (1913). 
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table is proVided, which tells the speed corresponding with the 
app^rance of the stationary figi*rc; the star in the margin is also 
stationary, appearing either singly or doubly, and serves to mark the 
speed with more precision. When thQ strobic disc is viewed through 
a revolving shutter, tlie table’ takas us up to speeds of 6000 r.p.m. 

When using this apparatus In a retardation!test, the best pro¬ 
cedure IS to put a circle of paper around the dial of a clock having 
a seconds hand; one observer gives a short sharp signal such as the 





a. 40. Dr. C. V. Dryndale's stroboscopio apparatus, made by H. Tinsley & Co.. London. 

tap of a pencil upon a table, when the stroboscope indicates a definite 
speed, and at t he same instant another observer marks upon the paper 
die position of the secontls hand. Tn this way a nunC of sSs 
pven by the stroboscope are marked off, and the number of seconds 
between each pair,.of observations can then be ascertained. 

in Kg is illustrated 

in Pig. 41. It IS fixed centrally on the end of the shaft of tbo 

machine who^ speed is to be measured, and is either viewed through 

flies of ' illuminated by means of peri Jic 

Hashes of light. Dr. Robertson s electrically-operated tum^fork 

Metboday niT“l)" Rolwrtwr liy ‘he 

AWjrtnrrrt, vol. 63, page 308 (1915). ’ ™I'-fe, Journ. Inu. Elec. 
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jl shown in Fig. 41 a. On the end of each prong of the fork is 
attached a light aluminium wing. A slit is cut in each wing, so 
|iat when the prongs are stationary the two slits ai$ opposite each 
rther. When the fork vibrates, the ^it opens twice in each cycle, 
n addition to the slits, the aluminium wings are provided with 
wo straight edges, which normally overlap.* As the wings vibrate, 

I slit opens once in each cycle. We may use the fork by 
leeping through the slits at the stroboscopic di.sc, or we may 
lurainate the di.sc through the slits by means of an arc lamp and 
lojecting lanteni. The frequency of the fork shown in Fig. 4Ia 
I 83'33 cycles per second, giving ii glimpse frequency of 5000 per 
inute with the straight edges and 10,000 per minute witli the slits. 



Fnh 41.—1). UohprtHnn’s «frolxiHpo)jir diw. 


These forks pre.serve their frequency with grciit accuracy, tlie errors 
due to accidental (causes being not more than one part; in 1000, 
Method' of measurmj the speed. Confining our attentidn for 
the moment to the ring of twelve tcetli in the centre of Fig. 41, we 
see that if the speed of the machine is such that a tooth ihov^ss exactly 
one tooth-pitch in the interval between two glimpses, the ring of 
twelve teeth would appear to be stationary. If these are 10,000 
glimpses per minute and twelve teeth, the speed will be ’ =^833-3 

revolutions per minute. This is called the primary speed for the 
12-tooth ring. When the speed is slightly greater than tho primary 
speed, the ring oi twelve teeth appears to rotate slowly, forward. 
When the speed is .sHghtlyJess, the ring appears to rotate slowly 
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backwards. In general, we may say that if fg is the number of 
glimpses per minute and Ng t^e number of spots or teeth on the ring 
m question, the jing will appear to be stationary at any speed equal 

f * 

to m i where m may be any wliole number, 1, 2, 3, etc. Where 

7n "1, the expression giYes lis the primary speed for the ring having 
Ng teeth. Wliere m--2, a tooth moves through two tooth-pitches 



Ffn. 41a. .Or. 1). UobcrtRon's Vibrating Fork provided with slitR for viewing 

Htrobo8copio offectB, ‘ 

in the inttyv.d between one glimpse and the next. Thus, if we begin 
with tlie machine running at the primary speed, 833'3, and allow it 
to gradually decelerate, the ring having 13 teeth will appear stationary 
at 7692( ='revs, per minute; and the 14 teeth will appear 
to be stationary at 714*3 (i»wm) revs, per minute; and so on. 
When .the speed is a sub-multiple of the primary speed for any 
particular, ring, a multiple image of the ring appears, as shown in 
Fig. 41 b. There is a double image at half the primary speed, and 





8i 

8 triple image at one-third the primary speed; and so on. These 
multiple images also appear at speecl^ that are whole multiples of 


PRIMARY SPEED I ;4 PRIMARY SPEED 



Kio. 41b.— Sh'.>wmg the imaged that appear of tla* 12-Hpot ring at tlie primary 
^ fipeed and at | and | of the primary 8|)eod and nuiltiplea of thc8f>. 

sub-multiple speeds. Thus at a speed of ii times the primary speed 
we have a double image, because each tooth is carried | pitches 
forward during the interval between one 
— glimpse and the next. The nlethod«of 
calculating the speed at eacih observa- 
ti#n will be at once understood from 
Table VI., abstracted from Dr. Robert¬ 
son’s paper, which gives the readings 
taken by Messrs. Rose, tSainbury and 
Smale in running-down tests on a D.C. 
machine, both with the “ field on*” and 
with the “ field off.” 

The electrical connections for* these 
tests are shown in Fig. 42. The machine 
is first run as a motor from the supply 
mains, and the power required to over¬ 
come the friction, windage, iron loss and 
other no-load losses (at a*certain speed, 
say 1200 b.p.m., and a certain excita- 
^2 f'O") measured on the wjwttmeter. 

, ' ‘ • The speed is then raised a little, say 

to 1300, and the armature current is then cut off by means of 
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Showinq the Various Images in Dr. Robertson’s Stroboscope 
Corresponding to Various Speeds. 
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the switch marked “ Field on switeh.’’ The field currenfis main 
tained constant while the armature, loses speed and eventuallj 
comes to rest. The stroboscopic disc on tlie shaft js observed until 
Ihe 16-tooth circle appears stationary and at the same instant the 
12-tooth circle shows a double inia^e, also stationarj^. ,* As the 
primary speed for the 16-tooth circle iff ' "vj*" =626, this circle will 



appefir stationary for any whole multiple of 626 such as 1250. Now^ 
1250 is one of the speeds that give a double image of tlje 12-tooth* 
circle, because it is three times 416-7. We calculate the speed at 
the instant in question as follows: ">,'5j'^'^xif=Jiy4"'^x|=1260. 
After an interval of 2 2 seconds the 13-tooth circle shows a double 
image. The speed is then " x i “ 1154. After a further interval 
of 2-2 seconds the 14-tooth ring shows a double image. 'Phe speed 
k then nym.!! x |*=1071; and so on, as shown in Table VJ.' When 
we get down to the speed 555-6 the 12-tooth ring shows a triple 
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image, because 665‘6 is twice 277'8, and 277 8 is one-thiid of the 
primary speed 833-3. The q^iadruple images of the inner rings take 
us down to spe^d 156-3. Below that speed it is best to make our 
observations on the 64-tooth ring.. The primary speed for this rin^ 



43n.'-Uuiining-dott'n curv«* witli tiel<l off. 

is -1.56-3. At 117-2 we get a quadruple image of this ring, 
because 

l.MH.OXi;r,:117-3. 

Then at 104-2 we get a triple image; and so on, as showm in TableVI. 
The observed of the stroboscopic disc gives a short sharp signal as 
each image< becomes stationary, white a second observer records the 
time. ;, 

Measurement of time. The accuracy of a rtinning-dowm te^t 
depends greatly upon the measurement of the time. The most 
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accurate instrument for this purpose is a recording drum upon whicl 
a mark is made electrically when a |jey is depressed. When thi 
instrument is not available good results can be obtained with i 
clock having a large seconds hand. By pasting on the ^lass t 
rim of paper on which the position of the hand at ant instanl 
can be marked the actual times can be iml olf after tiie test is 
made. 

Dr. Uol)crtson (le.scribes a very inc.xj)cnsive electrical chronometer 
ivhich he made by altering a Westinghou.se ampere-hour meter of 
•he shunted comniutation type ('I’j'itc ()). .\ scale of 100 divisions 
was marked around the periphery of tlie disc, and a scale of disc 
revolutions put on the sec-ond spindle. The re.st of the gearing and 
the shunt were removed. A series resistance was added, such as to 
make the speed one revolution per second when run on a 4-volt 
accumulator. The .chronometer could be started and stopped like 
a stop-watch by pressing a suitable swibOi. With a meter of this 
type, the extra rotation made after switching off the current com¬ 
pensates for the deficiency while getting up speed. The battery 
should be large enough to deliver J ampere througliout tlie duration 
of the test without changing its voltage. Where single intervals of 
time are to be measured, as distinct from obtaining a serias for a 
whole running-down curve, this instrument is more convenient than 
a recording drum, and with its aid a number of repetitions of the 
test can be made in c^uite a short, time. 

After the deceleration curve was taken with the field on, a similar 
curve was taken with the field switched olf, so as to measure the 
torque produced by friction and windage alone. The number.of 
seconds required to sink from 1250 r.p.m. to the various speeds 
indicated is given in the last column. 

Figs 43a and 43b show how the time-.speed curves are plotted, 
both for the “ field on " test and for the “ field off ” test. Tangents 
are drawn to the curves at convenient points, say at 0,100, 200, 300, 
etc., revolutions per minute. The slopes of these tangents are 
proportional to the torques at the respective sjiceds. The tdrques 
are then plotted against speed, as shown in P'ig. 43c. The scale of 
the torque curve is obtained from the steady reading of thq'watt- 
meter taken at 1200 r.p.m., after corrections have been made for the 
power lost in armature and brush resistance and in the volt coilf 
The paper by Dr. Robertson quoted above describes very minutely 
all the precautions to be taken to enable the observer to get accurate 
results. The clear way in which the results are worRed out makes 
the paper of great service to anyone who wishes to make measurements 
of the same kind. 

, The paper als6 contains a useful synopsis of the bibliography of 
the subject of retardation methods. 
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Xxceuive Iron losses. 

The so-called iron loss, as measured in the preceding tests, in¬ 
cluded hysteresis loss and e(fdy-current loss in the laminated iron, 
and in finger-plales, end-plates, pole-faces, and armature conductors! 
From an inspection of an iron-loss curve, such as that given in 
Fig. 36, il will be seen that in the lower stages of the magnetisation 
the iron loss increases in a ratio not much greater than the increase 
in excitation, but in the higher reaches of the curve the iron loss 
increa.ses in a much greater ratio than the excitation. It is not 
uncommon to find the losses increasing as the third or fourth power ' 
of the excitation. This rapid increase of iron loss at the higher 



voltages is due to eddy-current lo-sses which occim, not in the 
laminated iron, t)ut in the end-plates, finger-plaies, pole-face, and 
armature conductors. When we come to consider the cause of these 
various losses it will be seen why tlie increase in the ratio is so much 
greatek than as the square of the flux-density. 

It is not propo.sed to consider this matter as fully as one should 
In a book on design ; it is only necessary to give the tester an idea 
how the inagnitude of these losses depends upon the data of the 
machine, sp that in any given ca.se he may be able to judge whether 
the excessive losses occurring at no-load are probably due to hysteresis 
or eddy-cunent losses. 

Separation of hysteresis and eddy-current losses. , 

If it is .foimd that the iron loss at no-load is much greater thaA 
is'expectcil from the design of the machine, it is a - 
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finding out the cause of the trouble to separate me nysteresis loj 
from the eddy-current loss. This is,best done by measuring th 
no-load losses at different speeds, exactly the same^ excitation bein 
used at each of the speeds. 

The excitation being the same, the flux density may bff assuiuei 
to be the same,* and as the hysteresis loss varies diretdlv as th 
frequency, and the true eddy-current loss as the square of the frc 
quency, the amount of each can be determined. 

An example will make the matter clear. Suppose that a 12-poli 
machine has a normal speed,of fiOO r.p.m., and at that 8pee<l and al 
normal excitation of 5 amperes the iron loss is 17,200 watts. It if 
required to divide this loss up into its hysteresis and cddy-cuiTenI 
jomponents. Run the machine at 300 r.p.m. with an Vxcitation oi 
) amperes and measure the lo.ss. Let this be 0300 wiitts. If f is 
the frequency, we Qin write ,watts loss ; 

.-. 20(1+6256- 0300, 

and 50(t-|-25006-17,200, 

6- 3-08, 
rt-KK); 

I0O/+3-08/- -widhs loss, 
at / 50, 8(M)0-y9200-17,200. 

Hysteresis lo.ss--8000 watts, 
liddy-current loss 4)200 watts. 

Hysteresis Loss. 

'I'he hysteresis loss depends upon the hysteretic constant of the 
iron, the fluS-den.sity, ami the frequency. The loss per cubic, centi¬ 
metre is given l)y the expression 

/i\ X I) x/ watts per cubic, centimetre, 

where Ki, is a coefficient depending upon the flux-density as shown 
by the curve in Fig. 44; >; is the hysteretic constant given in Table 
VII.; and / is the frequency in cycles per second. In the’ lower 
reaches of the curve in Fig. 44, K,, varies as B"’, but in the upper 
reaches K,. becomes constant. 

If the hysteresis loss is excessive, the iron is of poor quality. 
This may be due to the low-grade iron having been originally 
employed, or to the ill-treatment of the iron during thh course of 
manufacture. Some manufacturers drive a drift into the slots for 
the purpose of smoothing them on the inside. This* has the effect 
of bending the teeth and hardening the iron. Sometinu* iron which 

* A rather better ia to make the generated voltage strictly propciUtioal to the 
^wed. It will be found at high frequencies that the excitation has to be slightly increased 
to get the right voltage at/he increased speed. 
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has had comparatively low hysteresis losses to be^n with becomes 
“ aged ” after running in the machine for some time. Where the 
hysteresis loss is excessive, nothing can be done to cure it without 



Fio. 44. 


rebuilding the iua<biiie, but if the machine is still within its efficiency 
guarantee, it may be possible to add a fan so as to improve the 
ventilation and reduce any overheating due to the excessive losses. 


Table VII. 

Hy.stehetic Constants of Piffeuent- Kinhsof Iron. 


Material. 


HyH^erotic constaiit — tj. 


Clood (lyiiamo .shiM't steel 
Fair (iyniimo iteel 
Silicon steel (Si) = l-S [ler cent. - 
I 

' ■„ .‘i 

. „ 0-2 „ 

('list iron. 

Cast steel. 


0 002 
O'OOn 
O'OOOTti 
0-001 
0-0016 
0-0021 

0-011 to 0-016 
0-003 to C-0I2 
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Bddy-camDt losses. 

The eddy-current losses whicli o<,cu( in the Inminated iron of th< 
irniature follow the law : 


W,- 


. xt^y.pxBl, 


, X10 "* watts per cu. cm, < 


ivhere \\\ is the eddy-current loss in a cubic^ cm. of iron, p is the 
ipecific conductivity of the iron, t is the thickness of the lamination 
ncms.,/ the frequency in cycles per see., and /t,„„ the magnetic, 
lux density in c.o.s. lines per .sq. cm. Kor onlinary armature iron 
ve may take P-117 xlO '’, 

o that the formula reduces to 


When we measure the eddy-current loss at various excitations 
f a machine, we find that at the higher parts of t he cairve it iiua-eases 
in a very much greater ratio than in ])roportion to the square of tlic 
voltage, which is, of course, roughly proportional to the flux density 
in the iron. The reason for this departure from the sqinirc law is 
that a great part of the eddy-current lo.ss .at high voltages does not 
occur in the laminated iron, hut in the metal fingers which support 
the teeth at the ends of the armature, in ^he end-plates, in the pole- 
face, qud in the armature copper. .\t low voltages and small flux 
densities most of the magnetic Ilux from the poles finds its way 
along the normal flux path thrmigh the teeth and iron behind the 
slots. At higher voltages, however, when the flux density of the 
teeth becomes so great as to saturate them, the drop in magnetic 
potential in the teeth causes the flux to fringe at the ends of the 
machine and* enter the finger-plates and end-plates on the flanks. 
The greater the saturation of the iron, the greater this effect becomes, 
so that while these end losses are proportional to the square of the 
flux density in the fingers and end-plates, the density itself increases 
very much more rapidly than the generated voltage. These losses in 
fingers iind end-plates may be called illegitimate eddy-current Iqsses. 


Separation of illegitimate eddy-enrrent losses. 

The method of doing this is best shown by an example* The 
assumptions upon which we work are that for points below the 
knee of the saturation curve the hysteresis loss follows the law* 
and the eddy-current loss B\ It is useful to have’at hand a 
curve like that shown in Fig. 46, in which the ordinates are the 
abscissae raised to the power 1-6. The ordinates are‘given as per¬ 
centages of the maximum ordinate which is 100 per tent, for a 
maximum abscissa of 100 per cent. If the hysteresis curve follows 
tjje law /ixJS' ®, alid we are given any point on the curve, Tve can 
readily plot the remainder of the curve % making use ofFig. 45. . 
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Let us take for our example the iron loss curve of the 600 K.w. 
generator, particulars of wi^ch are given in Fig. 38. Take some 
voltage near the^ knee of the saturation curve just a little above the 
point where the curve begins to turn over,'say 400 volts in this easel 
The iron, loss for this voltage is 3700 watts, and the exciting current 
is 3'4 amperes. Kun the.maehine at two different speeds at an excita¬ 
tion of 3-4 amperes, and separate the hysteresis loss from the eddy- 
current loss as sliown on p. 87. Let the hysteresis loss be 2400 watts 
and tlie eddy-current 1300 watts. At 400 volts niark off 2400 watts. 



« Fm. lo. •Curve' for tiuickly hysteTCHis linwt'A Varying aa /i‘\ 

as shown at the point 11, and then proceed to plot the whole liystercsis 
loss eftrve on the assumption that it follows the law B'".' This is 
most readily done by the curve in Fig. 46. The voltage 300 is -76 
uf400. FromFig. 45, B=-75givesalo8sof-625; -625 x 2400=1490. 
Set off 1496 watts at 300 volts. The voltage 200 is/S of 400. From 
Fig. 45, B =-6 gives a loss of -325 ; -325 x 2400 =780 watts. Set off 
780 at the pobit 200, and so on for other points on the curve. The 
same method may be used for extrapolating for points greater than 
400 on t^ie (uirvc. For instance, 400 is -666 of 600. From the 
curve 45, when B ="666, loss =-52. 2400 -^-52 =4620. Set off 462Q 
watts at 600 volts, and so on for other points on the curve. 
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We may now proceed to plot the legitimate eddy-current loss 
curve on the assumption that it follop the law kB*, and that the 
eddy-current loss of 1300 watts at 400 volts is legitimate cddy- 
turrent loss. At 300 volts we have 1300 x-75 x 7b =734. At 200 

volts we have 1300 x-5 x-5 = 325. At 500 volts we have • 

• 

1300x1-25x1 25 =2034. 

At 600 volts we have 

1300x1-5x1-5 =2925. 

These points are plotted on the curve marked kB-. Now add tlic 
eddy-current losses to the hysteresis losses and we get the curve of 
legitimate iron losses as showm by the line marked LW. We gener¬ 
ally find that this curve lies very closely upon the measured iron 
loss for all points below saturation, but that, in general, the iron 
losses will be very much higher than given by the LVi curve at 
points of high satiAation. The reasons for this are considered on 
pp. 89 and 92. AVhere the differences between the LW curve 
and the measured iron loss curve are not great wo may generally 
assume that not much can be done to reduce the iron los,ses short 
of the provision of a better quabty of iron. Where, however, we 
have the measured losses very much in excess of the LW losses at 
the higher saturations, we may take it that the losses are occurring 
in end-plates or in the copper conductors, ami it may be jKissible by 
modifications in the machines to reduce them. 

Eddy-currents in finger plates. 

In turbo-generators which have very lojig teeth it is necessary 
to have very substantial fingers to prevent the laminations frftn 
fraying out* end-ways and vibrating. These strong fingers are 
commonly made of bronze, ahd if the metal in them is massive, 
very heavy eddy-currents may be formed when the flux density in 
the teeth becomes great. These lingers, while being’formed in a 
shape which gives them great strength to resist the swelling out of 
the punchings, should be made as thin as po.ssible in the diiection 
tangential to the stator working face. If the fingers have been made 
too massive, it is a very expensive matter to have them idtered 

after the machine has been built. 

• 

Eddy-currents in end-plates. 

Where end-plates are made of cast steel, as is sometimes nei^ssary 
for mechanical strength, the eddy-currents in them may be much 
higher than where they are made of cast iron. The end-plates should 
be bevelled off as far as is consistent with mechanical strength. 
Eddy-current losses in end-plates on turbo-generators are not usually 
very great at no-!oad, but as we shall see later (page 103). they may 
be very-serious at fi;)[l load. 
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Eddy-cttsrents in araature conductors at no load. 

Where the armature conductors are fairly large, and no special 
precautiojLS ha\"( been taken to eliminate these losses, they may b§ 
very considerable, and at high excitations may form a great pro¬ 
portion <\f the so-called iton losses. It is not proposed here to deal 
with this matter as fully as* one should in a book on design; it is 
only necessary to give to the tester an idea of how the magnitude 
of these losses depends upon the <limcnsions and.data of the machine, 
so that in any given case he may be able to judge whether the ex¬ 
cessive losses occurring at no-load are probably due to these causes 
or not. There are several causes of these losses; {a) the magnetic 
Httx which ^mses down the slots parallel to tlia sides of the teeth, 
(6) the magnetic flux which is forced out of the teeth by the satura¬ 
tion of the iron arid tnis a component at right angles to the sides of 
the teeth, and (c) where the fringing flux from the sides of the poles 
cuts through the end windings. Eddy-currents from cause (a) occur 
when the armature condmdors have considerable width 
in the direction tangential to the circumference of the 
armature, as shown in Fig. 46, and where the teeth are 
so highly saturated as to create a considerable difference 
of magnetic pot^ential between the top and bottom of the 
slot. In machines where the teeth are highly saturated, 
Kiu. 4(1. care is usually taken to .see that the armature conductors 
have no very great width in the tangential direction,sothat 
it is not likely that one will be troubled with this effect. Eddy-currents 
from cause (6) arise when the depth of the conductors is great in a radial 
disection, and where the teeth are very highly saturated at the root. 


□ 

□ 



r'lU. 47. 


The flux being forced out, as shown in Fig. 47, cute across the con¬ 
ductors in the^lot. This action takes place in the most pronounced 
way in tho.sfl slots that are just coming under or just passing from 
under a pole. As seen from Fig. 47, tooth No. 3 is imder the Wy 
of the pie; tooth No. 2 is just imder the bevel of>the horn; toot^ 
No. 1 18 in- a weak field. If tooth No. 3 is so highly saturated fw 
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to require a great number of ampere-turns per centimetre, there Wil 
be a difference of magnetic potential ])et\vecn the sides of the sloi 
3-2, and flux will be driven across the slot, as indicated in the figure 

Further, as the number of ampere-ttuns in toofc No. 2 is mucli 
greater than in tooth No. 1, flux will be driven across the slot 2-1, 
This effect is very much greater when*the> machine is in load. In 
the case of a generator the distortion of the field in the direction ol 
rotation will saturate tooth'No. 9 very heavily, and create a flux 
density across the slot 9—10, which may in some cases be as high 
*8 2000 c.G.s. units. 

It is not imcommon for the annature conductors to have consider¬ 
able radial depth ; and where this is so, the eddy-current produced 
by the fringing flux may be very large. No satisfactor/formula has 
yet been evolved for calculating the amount of this eddy-current 
with any degree of accuracy. The following formula, how'ever, will 
give rough figures for the loss that may be expected ptw cubic centi¬ 
metre of copper in the slots. The formula is based on the assumption 
that the zone of action of the eddy-current occurs mainly under the 
bevels of the pole ; and it involves a term u, which stands for the 
ratio of the pole-pitch to the combined width of both the zones of 
action. The intensity of the eddy-current is proportional to the 
rate of change of the flux, that is, to the frequency of the macliine 
/ muftiplied by u. The loss, however, is not proportional to fV, 
because for the greater part of the pole-pitch the flux is constant. 
The loss may lie taken as roughly proportional to/*M. Thus we 
arrive at the formula; 

IT, =8-2 X10"" xd“ x/* XM xB^ 

• 

where ]V, is the loss in watts per cu. cm. of copper in the slot, d is 
the depth of the conductor in cms., and B is the flux-density pro¬ 
duced in the middle of the conductor by the difference in magnetic 
potential between the two sides of the slot. It is be.st to take the 
top and bottom conductors separately. In working out the loss in 
the top conductor we may take tlie difference in the drop of magnetic 
potential along A, in tooth 0 and tooth 10 (see Fig, 48); this gives us 
the difference of magnetic potential between the two sides of the slot. 
Multiplying this by 1’257 and dividing by the width of the slot, we 
get B. It will in general be necessary to make a correction for th* 
demagnetizing effect of the eddy-current. This can be done approxi¬ 
mately as shown in the example given below. For the bottom 
conductor we take the difference between the drop of magnetic 
potential along Aj in tooth 9 and 10 in order to get the value of B 
for the lower conductors.* 

• 

* * A more accurate methofi of calculatinfz the total flux acroKS a dot wijl bo found on 
page 157 of Pnp^rJi on Ihe^Dtsign of AX'. Mnchinfry^ by Hawking Smith & Neville, • 
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Example. A 350-Kw. D.C. generator had 120 slots of the size shown in Tig. 
48, each containiag 6 conductors ai^shown. The drop in magnetic potential along 
hi in tooth No. 9 2660 ampere-turns and in tooth No. 10 it was 1400 ampere- 

turns. These figures can only be arrived at by a process of trial and error. The 
flux that l^aks across the slot Roes a long way to equalize the flux-densities in the 

'two teeth; but at full load, with an armature 
distortion of 1.3,600 ampere-wires under each 
pole, the flux-density near the root of tooth 
No. 9 was driven up to 23,000, notwithstanding 
the leakage across the slot. The difference 2660 - 
1400 = 1250 ampere-turns tending to drive flux 
through the middle of the top conductors. 
From this we must deduct a certain amount 
for the demagnetizing effect of the eddy-cur¬ 
rent. The amount to deduct can be roughly 
determined by calculating the amount of the 
eddy-current, as shown below. In this case the 
deduction comes out at about 520, leaving 740 
ampere-turns effective. Multiplying by 1-267 

Fin. 48 a .— Otindiictoni lamiiistod anil dividing by the width, 1-2 cms., we get B 

cmasod over. Half size. ° ^ > o 

= 776. In this case « could be taken at 

about 7. The frequency was 28^ Therefore 

IV,=8-2 X10'*’ x4'25 x784 x7 x 776 x 776 = 1-15 watts per cu. cm. 

If as a first approximation we assume that the eddy-current is distributed in the 
conductor according to the law 

where ij is the current density at a iioint at a distance of x centimetres from the 
centre of the conductor. Then the mean loss per cubic centimetre is 

l-9xlO-"xPxj:,/3, 

*, being half the depth of the conductor. In our ease Xj = l, so that 
l-9xt0'''xi“xj| = l-16; A-=1350. 

Now the ampere-turns at the centre of the conductor due to the eddy-current are 
equal to x 6, where h is the total breadth of all the conductors in the slot. 
Therefore we have 1 x 1.3,50 x 1 x 0-77 = 520 ampere-turns. This figure, which has 
been obtained by trial and error, has already been subtracted in arriving at the 
effective ampere-turns. There are 6200 cu. cm. of copper in the part. o| the top 
conductors lying in the slots: 

- „ 6200x1-15 = 7160 watts. 

The normal loss due to the continuous load-current of 200 amperes in the same 
copper would lie 1840 w atts : but this must be augmented, owing to the fact that 
the current is alternating. The Field coefficient for the top, conductor is 2-6 so 
that apart from the eddy-current due to the saturation of the teeth we have a loss 
of 2-6xl840 = 47nn...-*‘. • ■■■ --- 



Fio. 48.—Slut and coiiducton*. 
Half size. 
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cooling surface of tie top conductors is 21,000 sq. cm. snd the thickness of th< 
insulation is 0'17. Wc may therefore e.vpect a|cmperature rise above the iron of 

11850 x 0-17 

80 ^ 0 

21000 x-00’2 

If the temperature of the teeth i.s 70° C. the temperature of tlie top conductors 
nay be ns high as 150° ('. Tliis is sufficient to scorch the insulation. In a case 
very similar to the case here given the paper insulation on both sides of the top 
conductors was burnt quite brown while the continuation of the same insulation 
flanking the lower conductors was uninjured. 

One way of reducing the loases under heading (h) is to laminate the conductors 
and cross over the laminations. Fig. ISa shows a method of breaking up each 
strap in Fig. 48 into four and crossing them over in the middle of the slot. 

The no-load loss considered under (c) only occurs when the 
saturation of the teeth is so liigh as to cause a very heavy fringe of 
flux to penetrate the end windings of the armature, and when the 
armature conductors are of fairly great depth. It is more likely to 
be of importance in machines of high frequency than in machines of 
low frequency. No formula can be put forward to calculate these 
losses, the shapes of the iron paths and the disposition of the con¬ 
ductors making the matter rather complex. An inspection of the 
machine and the exercise of a little judgment is sufficient to tell us 
whether the losses under this lieading are of importance. 

Excessive copper losses. 

It is not often that the resistances of armatures or lield coils 
differ so much from the value calculated by the designer as to cause 
an unexpected amount of heating. Sometimes a solder joint has 
been badly made, and this may cause local heating to such an extent 
that the solder is melted and thrown out, resulting in a very high 
resistance, or there may be a complete open circuit. Such defects 
can be discovered by the methods set out on p. 36. In cases where 
the cross-section ot copper allowed for Ihc current is rather ^mall, 
the temperature rise may be higher than was expected by the designer, 
with the result that the resistance is still further increased; and the 
heating goes on increasing according to compound interest-’ law. 
Cases‘of overheating of armature conductors, however, when they 
occur, are more commonly due to defects in ventilation which are* 
considered below. 

Heating of armature conductors due to eddy-currents off load. 

There are several caiuses of eddy-currents in aniiaturewainductors 
when on load. In the first place, the armature (urrent prciduces a 
fi{ld distortion wlfich brings about a higher state of saturation of 
the teeth under the leading honi of the pole in the case of a motor. 
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and the trailing horn of a pole in the case of a generator. This 
additional saturation of thp teetli aggravates the no-load eddy- 
current loss de^ribed on p. 92. This is a very fruitful source of 
overheating of armature conductors, particularly on D.C. machines 
in which the teeth are-fairly lii'ghly saturated. The existence of 
this loss'may make itself apparent either by the overheating of the 
armature conductors or by the low efficiency of the machine in 
question. Wlienever it is suspected it is well to make a lay-out of 
the field ampere-turns and ampere-turns, so as to ascertain the 
total ampere-turns on the teeth on which the ampere-turns are’, 
greatest. An example of such a lay-out is given below. A second 
cause of eddy-current loss in armature conductors oh load is due to 
the magneto-motive force set up by the current in the slot which 
causes the magnetic flox to bridge across the slot and to penetrate 
the conductors, particularly those near the moqth of the slot. This 
source of eddy-current loss has been fully investigated by Mr. A. B. 
Field, who- has published * curves by which the eddy-current loss 
in various cases can be readily calculated. In cases where eddy- 
current loss of this kind is suspected, it is well to calculate the amount 
of extra loss to be expected. The avoidance of eddy-current losses 
due to the magneto-motive forces within the slot is strictly a matter 
for the de.signer of the mifchine, and where proper ptovision has not 
been made in the design, it is impossible in most cases to remedy 
the defect without re-winding the machine. 

Oiroulating currents. 

When an armature is provided with several paths in parallel, it is 
pfissible under certain circumstances that circulating currents will flow 
around the parallel paths and cause excessive heating'. One of the 
commonest cases that occurs in practice is the case of the multiple- 
wound D.C. generator provided with equalising connections, as shown 
in Fig. 50. If such an armature is running in a field magnet whose 
poles are not equally excited, circulating currents will flow in the 
arma.ture conductors whose direction is such aft to strengthen the 
weaker poles and weaken the stronger poles until the inequality 
between the strength of the poles is reduced to an amount just 

* Proc. Amtr. InM, Eke, Eng., vol. 24, p. 761,1906. Soe also Ekclrieal World/vol. 48, 
».2B Sept., 1906. where some experiments are cle8oribe<l which corroborate the conclusions 
arrived at by theory. In the Journal of the Inatilution of Electrical Engineers, Vbl. 33, 
p, 1125, the matter is still further elaborated by Mr. M. B. Field, and some practical cases 
arc considered. ^Eddy-current leases in Armature Conducton, Oirault, lamilre Elect,, 
4, 36, 1908; One-sided Distribution of Alteriukting Current in Slots, Emde, Ekk, und 
ilasehinenbaue 26, pp. 703, 726, 1908; Skin Kesistance Losses in Alternator Windings, 
F, Rusoh, Flek. und Masekinenhau, 28, pp. 73 and 98, 1910; Eddy-currents in Srdid 
Armature Oonductors, Angermann, EkL und Maschineniau, 28, p. OT6, 1910; Copper 
Losses in A.^. Machines, Rogowsfci, ArcMv/dr Ekitrolechnii, 2, 81, 1913; Eddy-curreats 
in iStator Windings, H. W. Taylor, Joum. l,B,E„ vol. 68, p. ?79, 1619. 



LOW EFFICIENCY 


OT 

sufficient to drive the equalising current. This matter wilh be more 
readily ujiderstood by reference to Fig. 60, which gives a diagram- 
inatic view of a ring-wound 4-polc machine with twQ cross connectora 
AA' and BW. We will styposc .that poles 1 and 2 arc strong and 
poles 3 and 4 arc weak. It is clear that "the windings under poles 
I and 2 may be regarded as the windings of-a small alternator which 
are in parallel with the windings of another small alternator lying 
under poles 3 and 4, these windings l)eing connected in parallel by 
means of the cro.ss connectors. The voltage generated in the winiling 
AB being greater than that generated in A'B', the dilTerene'e will 
drive through these windings a current 
which will lag with respect to the volt¬ 
age in AB and lead with respect to 

the voltage in A'B' (see Fig. 112)._ 

This current will reach its ma.ximum 
when AB is nearly midway between / ^ 
poles 1 and 2 and will have a demag¬ 
netizing etlect upon those poles. The 
current in A'B' will reach its maxi¬ 
mum when A'B' is nearly midway 
between poles 3 and 4 and will have 
a magnetizing cflcct. The final differ¬ 
ence in the strength of poles will be 
just suflicient to drive the equalising current. If we know the differ¬ 
ence between the magneto-motive forces on jiolc 1 and pole 3, we can 
say positively that the circulating ampere-turns ( x 1 •257) on t he arma¬ 
ture are less than the difference between the magneto-motive force*.* 

Circulating dhrreut in 3-phase mesh connected armatures. 

If we have a mesh-conncctftd armature as shown in Fig. 61 and 
assume that the k.m.k.’s generated in all limbs are equal and of sine- 
■wave form, it is easy to show that the 
electro-motive force in phase A trying to 
force current one way round the triangle 
is exactly equal and opposite at all times 
to the sum of the k.m.k’s in B iwid C, 
so that under these assumed conditions 
no circulating current will flow in the. 
mesh. If all the poles of a. mesh-con¬ 
nected armature are of exactly the same 
strength and the number, of’turns per 
phase is the same, the k.m.f.’s in all 
phases wll be equal; but it 'does not by 
any means follow^ that the e.m.f.’s are of sine-wave form ro that the 

* • To calculate the armature ampere-tuma, acc Sptcificalim and Iktiga of Dynamo- 
Electric itachincry, pp. 280 anti 5(18. 



Fio. 51. 


s. 

5 



S 


• I 4. 

Fiu. .W. 


9s ' Dynamo-electric MACHINERY 

sum of the e.m.f.’s in B and G may not bf at all times equal and 
opposite to the e.m.f. in ph*8e A. Any inequality between them 
causes a current,to flow round the mesh and this circulating current 
may have a very considerable influence on the efTiciency and on the 
temperatiire rise. If there is a third harmonic in the phase E.M.F., 
the harmonics in all limbs ar4 in phase and the total e.m.f. around the 
mesh has three times the amplitude of the harmonic in one phase. 
The total E.M.F. around the mesh can be measured by simply con¬ 
necting a voltmeter in one comer of the mesh at which the connection 
has been opened. Fortunately, the current that flon^ reacts upon the 
field-mugiiot and tends to change the wave-form of the e.m.f. so 
as to wipe out the inequality and thus reduce the current to a 
minimum. The peculiarities of the wave-form of the fliuc distri¬ 
bution which tend to Cause these circulating currents are necessarily 
diminished by armature reaction until they aie just suflicient to give 
rise to the final value of the circulating-current. When dealing with 
a stationary armature it is often a simple matter to insert an ammeter 
at the corner of the mesh so as to measure the amount of the 
circulating (nirrent. It will commonly be found to have a value of 
15 per cent, to 20 per cent, of the full load cuiTent of the machine, 
ami if it is more than this it will unduly heat the copper and reduce 
the efliciency. The only remedy that can be applied without re¬ 
designing the whole machine is to bevel the poles so as to mate the 
field-form distribution as near as possible to a sine-wave. When 
the machine is on load the distortion of the field introduces a third 
harmonic which increa.ses the circulating current in the mesh. 
The effect of the flux wave-form upon the e.m.f. wave-form is a 
matter which hardly falls within the prov'ince of this book. For 
further information on the matter tlin reader is referred elsewhere.* 
Mesh wound machines may also have cimulating currents produced 
in them by the inequalities in the strength of the poles. The effca t 
is exactly similar to that described on p. 96 in connection with 
D.c. machines and the cvire is the same. 

Circulating current in 3-phase star-connected armatures. 

Where a thrce-])hase armature is star-connected any symmetrical 
^hird harmonic in the phase e.m.f. is neutralized at the terminals of 
the machine. Taking the positive direction along each leg of the 
star as from the centre outwards, the third harmonic e.m.f. ’s all reach 
their maximum at the same instant, and are therefore opposed to one 
another, when considered as acting along a circuit taken from one 
terminal to" another. 

• S<w ifeper by S. P. Smith ami It. S. H. Boulding, Journ. ItiM. 9ilec. Enginters, vol. 
{>.,203, (1915)-. 
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Where a number of S-phase generators arc connected in parallel 
to the same bus bars there is no fear of fc .symmetrical third harmonic 
pausing circulating currents so long as the star-points are insulated. 
We may earth the .star-point of one machine and still be free from 
trouble, but if we earth two star jioints^any inequality in tfie ampli¬ 
tude of the thinl harmonics of the two in’aclifnes will cause circulating 
currents to flow. Kven two e.xactly similar machines will as a rule 
have unequal third harmonii'S when they are loaded unequally. 
Higher harmonics whose order is not a multijih' of three will prcsluce 
circidating cnnents between altern.itora in jiarallel. The magnitude 
of these currents will in general be sm li as to almost wijie out tjie 
differences in the wave-forms tJiat give ri.se to them. , 

Eddy currents in end-windings. 

The currents in the end-windings of turbo-generators create an 
alternating magnetic held whiifli cuts through the conductors, and if 
the conductors are massive or consist of flat straps whose jilane is 
penetrated by tJie magnetic lines very ^•onsidt‘rallle eddy-currents 
may be caused. 

Ill order to form a rough estimate as to wlu'fher the losses from 
this cause are iiuportant in any particular (^asi*. we may adojit the fol- 
lowingnietliod of <-alcul;il ion. Draw a line to represent, an imaginary 
magnetic path, embracing most of the conductors and cutting throiigli 
the outer conductors of the tiers as shown by tlie thich dotted line 
in Fig. 52. 'fake the number of conductors embraced by this line 
(18 in Fig. 52). In a three-phase three-tier winding take two thirds 
of this number, miilti])ly by the current per iiluise, by J'Z, and Ity 
1'257 to get the total M.around the imaginary imignetic path. 
The .M.M.t’. divided by the length of the air path gives us a rough 
estimate of the flux density in the conductor. 

If the length of the air path in Fig. 52 be taken at 80 cms. and the 
current per conductor at 025 virtual amperes we have 

ji.M.F.’ 18 X 5 X 025 X Ml x 1-257 - 115,400, 

413. 

The. loss per cubic centimetre of co)qjer in the outside conductors 
may be taken roughly at < 

Watts per cu. cm. 8-2 x 10-" y.J? yf - y JP, 

w'here d is the depth in cms. of the conductor at right»-ingles to the 
direction of the magnetic liclil and / is the frequency. ,Jf we take 
the depth of the conductor at 2-5 cms. and the frequency at 40: 

, Watts per eu. cm. -8-2 x 10-» x 0-25 x 1000 x 443 x 443 
=0-161 watts jier cu. cm. 
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If the total volume of copper in exterhal conductors at both ends 
of the machine is 15,100 cu. fm. the loss will be about 2-4 K.w. As 
the flux density«n the next row of conductors will be only about opp 
half, the^loss will be about one quarter, or say 600 Watts, so the total 
will be about 3 k.w. This is by no means negligible even on a 
4000 K.w. generator. * 

The best cure for these eddy-currents is to laminate the con¬ 
ductors and twist them on themselves, so that the total positive 
Hux enclosed is reduced to the smallest practicable amount. 



Eddyrcurrents in pole-faces and dampers at no-load. 

At no load, although the face of the stator is at almost uniform 
' magnetic potential, the presence of the slots causes the flux from the 
pole to cdme out in tufts towards the teeth as illustrated diagram- 
matically jn Fig. 53. This action is most pronmmced when the slots 
are of the open type, and where the air gap is small as compared with 
the width of the slots. As the pole sweeps forward the lines of 
force are constrained to move relatively to the surface of the iron, 
and will set up eddy-currents • of considerable magnitude if the pqlo 

• See F. W. Carter, Pole-f»oo Losses, Journ. Itul. Elec. Engrs,, toI. 54, p. 168. 
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is of solid metal. Generally it has been found that for solid machines 
the length of the air gap i^ould not less than one half the width 
of the slot, and even under these conditions there may be considerable 
Toss due to eddies. If a pole is built up of laminated iron so that the 
resistance of the path across tlie face of the pole in the direction of 
the axis of the machine is higli the eddy-cumuits may be very much 
dijninislied, but even in a laminated pole 
the eddy-currents may be excessive when 
the air gap is short as compared with \ 
the width of the slots and where the flux ' 
density under tJic teeth is higli. Sometimes 
when copper dampers are provided, as on synchronous gejierators 
or synchronous motors, very heavy losses may oc«'ur in the dampers 
due to this same cause. Some manufactim'rs make the pitch of the. 
damper bars equal .to the ])itcli of the slots, in order to make all 
the E.M.F.’s in the bars in the same phase so that they may oppose 
one another. A very much better plan, liowever. is to skew the bars 
a whole slot-pitch and arrange the damper bar pitch so that there is 
one bar less per pole than there are slots oppositi! (he pole. One 
of the best methods of detecting the pre8('nce of currc'nts in the pole- 
face is to run the machine when it is quite cold and e.xcite it very 
heavily for 5 oi* 10 minutes; then sliut it flown as rapidly as possible 
and feel tlie pole faces with tlu^ hand. If the jiole face is found to 
be warmer than the field (;oils after this test, it is evidence of excessive 
eddy-currents in tliem. The, only cun^ for eddy-mirrents in tlie 
pole face without reconstnicting t he machine is to increase the length 
of the air gap; and this cannot be done unless the iield-current cjjn 
be increased.without exceeding the guaranteed temjicrature rise m 
the field-coils, and witliout laijising the efficiency to be below’ the 
guarantee. In a case in the experience of the author, a machine 
having solid poles and provided with a damper had an air gap of 
3 mms. Although the slots w'crc senii-i losed and the moutli of the 
slots only 4 mms., the losses in the damper at no load were very 
exceijsive. On turning dow'n the field-magnet until the air-gifp was 
4'5 mms. in length the eddy-current losses were reduced from 40 K.w. 
to 10 K.W’. The copper dampers on the poles will, as a rule, increase 
the eddy-current losses due to iqien slots. If tlie conductivity of 
the damper can be made so great that the eddy-currents in it almost 
wipe out the unevenness in the field distribution, the doss of the 
damper might be smaller than if no damper is present, but it does not 
appear that the amount of copper put into the damper Cf the ordinary 
commercial machine is sufficient for this purpose. In .cases where 
there are open slots in the stator the best plan is to skew’ th.e damper 
rods exactly one slot pitch and insulate the damper rods W ith a thin 
covering of paper. If this is done, the e.m.f.’s set up are 'completely 
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neutraJised. Another pkn is to skew tie armature slots by a com¬ 
plete slot pitch. 

Eddy-cnrrentB asd pole-faces and dampers an lUll load. 

WhetJier a stator slot is open* or closed, the current flowing in 
it at fuir.load sets up a difference of magnetic potential between the 
adjacent te(ith and tends to set up currents in any metal of the pole 
opposite to it. The transformer action between the conductors in 
the stator and the conductors in the rotor may under certain con¬ 
ditions be veiy marked. If the di.stribution of the cuirent in the 
stator were perfectly sinusoidal so that as the pole rotated any part 
of it was always opposite to a stator conductor carrying the same 
current there would be no transformer action between the stator and 
rotor in a synchrenous imudiim^. Unfortunately, in 2-phase and 
3-phasc machines each phase-band has a considerable widih and the 
current in the slot opposite to any given point on the pole-face varies 
from time to time. This changi; in the value of the stator cuiTcnt 
opposite to a j)art.icular part, of the ]>olc-face brings about an eddy- 
current in the pole-face which tends to ojipose the magnetic efle(d. 
of the stator (airrent. Where the ])oles are solid or are provided with 
dam])ers iJiis action may lead to undue losses in the pole face. The 
currents per centimetre of j)eripheiy to be expected fyom this course 
in a damper of high comluctivity are not more than one-third.of the 
current-loading ])er centimetn^ of peripheiy upon the annaturc. In 
most cases the damper can carry this current without excessive 
heating. If the damj)er bar is skewed by a whole stator slot pitch, 
or if the stator slots are skewed by a slot ])itch, the eddy-cui'rent due 
t» the variation of magneto-motive force is ])artly reduced. There 
is, however, still left the reaction of tin' stationaiy poll's which are 
to be found superimposed upon the revolving field of most pol\'phase 
armatures. The commonest kind of thrce-])hase armature jiroduces 
a revolving field u])on which is superimposed a stationary field liaving 
three poles within the sjian of one main pole of the niachine. The 
amplitude of the osiallation due to those stationary poles is about 
4 per cent, of the main armature magneto-motive force, the total 
variation of the held strength produced being 8 per cent. The 
best way of avoiding the production of stationary poles in a three- 
phase winding is to make a winding with two coil-sides per slot, and 
‘to short-chord the winding by 30". The m.m.f. wave-form with 
12 slots pitr pole arranged like this becomes almost sinusoidal. For 
further information* upon this distribution of m.m.f. on polyphase 
armatures, the reader is referred to a paper by Mr. B. Hague, Jour. 
Imt. Eke. Bngiwcrs, vol. 55, page 489 (1917). The higher harmonics 
in the aripatiire field-form, some of which rotate in a direction opposite 

• See siflo A. E. Clayton, The Wave.»hai)e9 obtaining with A,f. Oena., working undtr 
Steady short-circuit conditions, Joht, Imt. Kite. Engineers, vol. 54, p. 84 (1915). 
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to the main field rotation, may produce quite serious losses in the 
pole-faces of turbo field-magnets. The provision of a damper of 
high conductivity will enable coimtef currents to flow which will 
almost wipe out the irregularities in the field. * 

Losses in end-plates on load. 

The end-windings of turbo alternators set up vei y great alternating 
magneto motive forces, which cause an alternating flux to penetrate 
the end-plates and end-bells and set up heavy eddy-currents. 

The eddy-currents in the end-plates depend upon a iiumlMjr of 
factors, the chief of which are considered below. The shape of the 
end-mndings and the nearness to t he end-plate are important factors. 
Coils of the concentric type which are bent back against the end-plate 
produce greater losses than bamd windings which ])roje’ct in a direc¬ 
tion parallel to the axis. Involute windings which are flared out at 
45 degrees have an* intermediate position in this respect. 

A number of experiments were carried out at the College of 
Technology, Manche.ster, and at the works of the Britisli Westing- 
house Elec, and .Manufacturing Co. by Messrs. M. Singer and F. K. 1 lilt,, 
for the pur])ose of asc^ertaining how end-plate losses vary («) with 
the ampere-turns, (b) with the frequency,/, of the armature current, 
(c) with the djmensions of the coils and their position with respect 
to thf end-plate, and (d) with the mean fliameter of the end-plate. 

The following laws were established in connection with coils of 
the concentric trqie. The losses were ])roportional to tlie square of 
the ampere turns and to /> where y lay betweim l-3(i and 1-43. 

It will probably be suflicient for our purpose to take the loss as 
pnqiortional to/‘ b If A is the radial width of the coil jiarallekto 
the plane of* the end-plate and B the mean distance of the coil from 
the surface of the end-plate the loss follows the law. 

Loss - \ h, 

wliere a and h are constants which depended upon the size of the 
plate. Cond)ining all tlie laws and inserting tlie constants so far as 
it was possible to ascertain them, we arrive at tlie following formula 
for the eddy-current loss in an end-plate, produced by alternating 
current carried in concentric^ 3-phase coils of the ordinary type bolted 
back against the end-plate. , 

Loss in watts-(o-008Z)=‘ x^^ +0-32f/“)/’^x(^r)»xl0-b 

Here D is the mean diameter of the end-plate in ijlches. (If this 
is not the same as the mean diameter of the bent-up part of the coils, 
it is fairer to take the mean diameter of the coil ends, because the 
end-plate losses are not much increased by extending the diameter 
of the end-plate far beyond the coils.) A is the radial width of t)ie 
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concentric part of the coil parallel to the face of the end-plate and B 
is the mean distance of all coils from the surface of the plate. The 
frequency is denoted by /, and the virtual ampere turns by a.t. 
These are taken *in a three-phase machine as number of conductor^ 
in one tinr multiplied by. twice the virtual current per conductor. 
This foribula requires tg bo still further confirmed by additional 
tests, but may be taken as a fair indication of the loss to be expected. 

As an example in the working out of this formula we niay take 
a two-pole maehbe with a three-tier winding of the form illustrated 
in Fig. 52. Let the mean diameter of the bent-back part of tJie coils 

be 50 inches== jD. Let .4 =7 inches and B==7 inches, so that =^1. 

Lot /=40 cycles, and the virtual current per conductor be C25 
amperes. Tlien taking 20 conductors, a.t. -^025 x 20 x 2 ^^25,000. 
Loss in watts ==(0-008 x.3700 x 1 -|-0-32 x 5-8) 176 x 25000= x lO-* 
=34600 watts in each end-plat*!. 

Losses in bolts and bracing rings. If tlic bolts shown in Fig. 52 
which come nearest to the armature arc made of steel it will be found 
that they will get very hot when magiu'-tiz*!*! by the alternating- 
current in the armature winding. It is usual to make them of bronze. 
Any bracing ring e.xtimding from bolt to bolt shoidd also IV* made 
of bronze if it is near the coils. Sometimes tlie outer circle of. bolts 
may be made of steel ivs they an* not in quite such a st rmig field .as 
the inner circle. 


MEASURUMKNT OF STRAY bOSSHS. 

‘ The losses occurring in a dynamo which arc not included in 
friction and windage losses, irmi losses, and (!alcuhit<>d co])per losses 
in tlie armature and the fiidd-magnet are often spoken of as stray 
losses. On account of the dilliculty of measuring tin's** that has 
arisen in the past, it has been customary to estimate the efliciem^y 
by some convcnti*)nal method, siu-h as the taking *)f the t*)tal losses 
ns being the sum *>f the fri*!ti*)n iiial windage, the'inm l*)sses, copper 
losses in the fieid-magu*!t, an*l th*! l*)sses in tin* iu-inature **n sh*)rt- 
circuit. Such an elli*-icn*'y * is sonudhnes spoken *)f a.sthe‘‘con- 
ventiohal elliciency.” 

Short-circuit losses. There is r*\>.son to believe that the I*>sscs 
which ocr'gr in an armature *)n shoi-t. circuit of an a.c. generator 
are not exactly the same f as the copjrcr losses plus the stray losses 
• The followingv’iilcs of the American Institution of Klcctrical Engineers are of interest 
in this respect: Uules No, 422, 423, 433. 434, 43r., 436, 440, 44K 442, 443, 444. 445, 468 
and 469. See Vranflue/uma of A.M.I.B.hl, vol. 36, p. 28 (1910). 

f Mr. J. A* Kuyaer gives (in Jonr, Inst. Elec, Enginerrst \ o\. 57, p. 477) some interesting 
^gures frorti which it MH'metl that the short-circuit stray loss apjx'aAd ne-irly in full during 
oad oonditionK 
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which occur on the machine when it is running on noriQul load. 
Sometimes the stray losses on short-ciyuit may be higher than the 
losses on normal load and sometimes the opposite ijiay be the case. 
Some interesting particulars are gi.ven upon this matter in a paper by 
Drs. Barclay and Smith, on “ Determination of the Kfficienev of the 
Turbo Alternator.” * • . 

In a turbo generator in which the sum of tlie friction and windage, 
iron and copper losse.s amounted to 211 k.w. the actual measured 
stray losses were 141 k.w. while tJie stray losses on short-circiu't, as 
determined by the American Institution of Electrical Engineers’ 
conventional method, amounted to only 12.5 K.w. On a smaller 
machine on which the friction and windage, iron and copper losses 
.amounted to 42-8 K.w., the actual stray losses on load itmounted to 
3-2 K.W., whereas the stray lo.sscs on short-circuit as determined by 
the A.I.E.E. conveiitional method amounted to !)-7 K.w. It wordd 
seem that as a rough method of determining the elliciency the ndcis 
of the A.I.E.E. bring us very much nearer the mark than if the 
stray losses are neglected altogether (or if, as has been ])roposed, <mly 
nne,-third of the short-circuit stray losses is added in). Neveithe- 
le.ss, a more iwcurate method is needtal if the actual eill(aen<’y is to 
be, deterpiined. 

• • 

Determination of the total losses on load from measurements of the 

temperature and amount of the cooling air. 

In 1903 Professor R. Threlfall carried out tests on electric genera¬ 
tors by an air c.alorimetry method.f 'I'lie machiiuvs to be tested 
were totally enclosed in a wooden housing, and measurements weje 
made on blie^ temperature of the cooling air at the intakes and the 
outlet, and the volume of air passing through. It was sliown that 
the method was a practical one for the mciwurenient ol the losses 
occurring in tlic machine. 

As turbo generators and many modern motors arc completely 
enclosed, so that the amount of air passing through them can be 
measured, this methesl is very convemiimt for determining thelosses 
in such machini's. The precaut ions to be taken in a test of this kind 
are very fidly describcsl in the ])aper by Dm. Barclay and jimith 
referrfd to above. It is there shown tJiat where proper precaut ions 
are taken the metluKl is one of considerabh- acrairafy. 'I'he followng* 
precautions are nece-ssary. 

Where the flow of air is measured at the, outlet, the outlet shotild 
be provided with a discharge tnink like that illustratlid In Fig. 54, 
provided wnth perforated metal screens for the purpose uf equalising 

* Journal of llte Imlihition of Elrrhiml Engineers, volunio B7, p. .700, (I9I‘*). 

• t “The Testing of Electric (leneratoni tiy Air Calorimetry,” Journal J.E.E., 1904, 
volume 33,- p. 28 . , • 
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the velocity of the discharge over the whole area of the outlet. 
Instead of perforated metal greens one might with advantage employ 
the honeycomb .structure used in air tunnels for aeronautical work. 
Fig. 55 shows the great inequality in the velocity of the air at difEeredt 
parts of’the exit when no screens were used and the great equalising 
effect 0 ^the screens. • ' 



Ku). r>4. —Diitdiari'o trunk for a Kin. .W.—Curves 8h«>wmg the effect of screens In 

turbogenerator drsignefl to give ^ eqnalixin^' tlio velocity <if air oven the oritice. 
to the (liHcharKed air a more eon 

slant veliKuty over tiu* oriliee. • 


Measurement of the temperature of a stream of air. 

In taking the mean temperature of the air tlirown out from the 
axit several precautions arc nccessaiy. It may ])c that the stream of 
air has different tompcratin'cs at different ])arts of its-cross-secition. 
When this is so, it is not riglit to rfakc the mean of a number of 
thermometer readings distri))ut;o(l over the eross-seetion, unless the 
vehx^ity of tlie stream is fairly uniform tlirougliout the section. For 
if we had a liiglier temperature iji the middle of the stream and the 
velocity at that part was greatest, the effect of taking the mean of a 
number of thermometers evenly distributed would i)e to give too 
low a figure' for the mean tem})oraturo. We should make a plot of 
the distribution of velocity over the section of the e.xit and then 
distribute our thermometers so that the higher the vedoeity the greater 
the number of thermometers per square foot. If this disti;ibution 
is carried 'out only approximately it wll give a better result than a 
uniform distribution of thermometers. 

Mean temperature by thermo-couples. A more convenient 
method of'taking the mean temperature of a current of air than by 
the use of a large number of thermometers is to employ a number of 
tbermo-junetions, say of iron and eureka wire, wh'Ieh have a straight 
line law. These junctions should be made froqr wires from the same 
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reels so as to ensure as far as possible that the calibrations of the 
junctions ore the same. The lengt.h and cross-section of the wire 
chosen for ciich junction should be such that its resistance is suffi¬ 
ciently great to cut down the cumuit set up by the thermo-electric 
effect to an exceedingly small value indejtrndently of any n'sistance 
in the voltmeter. A resistance of 1 ohbi is sufficiently great, as one 
can see from the following: The thermo k.m.k. set up by a difference 
of temperature of lOtf ('. will be 0.(K)57 volt, so that the current 
flowing if the couple is sliort-circuited at the ends of the wires 
would be ().(X)57 ampere and tlie power geiierati'd would be 3.2 x 10 “ 
watt. 

This ])ower is so excessively small that it would have no ajipreii- 
able effect upon the tem])erature of the junction, if Any ordinary 
precautions have been taken to make the heat conductivity of the 
material suiToundiug the junction reasonably goisl. If now we 


a b c d e 
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Ilf H ciirrcnt of air. 


connect a number of thermo junctions in jiarallel, as shown in Fig. 
o(i, and make, t he resistance between each junction and the common 
points I’ and 0 th(“ same, the difference of ])otent.ial between /' and 0 
is a measure of tlie imsin value of the temjierature rise of all the 
junctions above tip* cold junction, /, in Fig. .50. The proof of this 
is as follows. 

Proof of the validity of the thermo-couples-in-parallel method. 
This is most easily jirovi'd by tlie supeqiosition of electric po/entiul 
systems. JiCt A be a network of resistances having in one of its 
branches an e.m.k. c„ which raises the ])otential of a given point of* 
the system by the amount 1\. Let B, 0, D, etc., be cxaMly similar 
networks of resistances having in other branches E.M.F.’s e,„ e„ Cj 
respectively, which raise the potential of the giveil point to 
P„ Pj, etc.', respectively. Then if to a single similar s}-stcm of re¬ 
sistances we apply at the same time all the e.M.F.’s e,,, c^, «, e,„ etc., 
the potential of Hie given point will be raised by the algebraic sum 
of Pi,, P„ etc. ^ Let there be n thermo-couples cohnccted in 
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parallel to common points P and 0 (see Fig. 66). Let the resistance 
of the leads from P and 0 to aach of the junctions be equal to r ohms. 
Let r be sufficiently great to reduce the current in each jimction to 
a value so small that it does not affqct the temperature of the junction. 
We will Jirst consider the case where the resistance, /?, of the volt¬ 
meter is so great as conrpardd with r that the current taken by the 
voltmeter (connected across PO) can be neglected. 

First raise the temperature of only one couple a, the other couples 
not generating any e.m.f. The resistance of the network to current 


• , / I \ TVi 

from a is then r 1+ -—. The current which will flow 

. e{n-l) , ^ 

” ni ‘ potential in the conductor carrying current 

to P and 0 is Therefore the difference of jiotential at P 


( W — C • t * . . 

1- — Similarly, if b is acting alone it wall 

make the difference of potential between P and 0 equal to and 


so with the other coiqdes. If now all couples are. acting together 
the difference of potential between P.and 0 will be 

f • ^ 

that is, equal to the mean value of e„, c,,, e,., etc. In practice, w'e 
have a voltmeter across /’ and 0, which takes a small current through 
its resistance li. When the couple a is acting alone the volts .across 
11 

PO will be e, . When all couples are acting together it will 


be I c, ete. X 


JL 

nli \ r' 


'I’hat is to ,s,ay, the small current drawm 


by this voltmeter produces the same percentage fall in the difference 
of potential between P and 0 as it would do if one of the thermo¬ 
couples were acting alone. It does not, therefore, affect the valiclity 
of the residt. It is, however, necessary to calibrate the thermo¬ 
couple and voltmeter lor any given value of R and r. 


Measurement of flow of air. 

The air vcdcwdty can he measured in various w.ays. 'I'he following 
may be regarded as good practical methods for this class of W'ork. 
(1) The Pitot tube and allied methcxls; (2) The anemometer; (3) 
The Morrii^hot wire velocity indicator; (4) The Thomas Gauge and 
allied methcnls. 

With the Pitot tube the observer measures the difference of pressure 
at the eqds of two orifices one of which (on the dynamic tube) has 
its plane at right angles to the current of air and the other (on the 
static tube) has its plane parallel to the current of air. A good form 
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of Pitot tube is that illustrated in Fig. 57. Another form is ^own in 
Fig. 58. The differences of pressure found in turbo generator work are 
0 / the order of one fifth of an inch of water. For actsurate work it is 
necessary to employ a very sensitLve form of manometer tube. The 
micro-manometer * designed by Mr. B. J. B. Huberts is ver)jsuitable 
for tliis work. 


To statu: Umb ot iiianomctcT 



.4 handy form of*portal>le micro-manometer f for u.se witli a Pilot 
tul)e, developed by Messrs. Cramp and Frith, is shown on tlic riglit 
of Fig. 58. Tliis reads directly in air velocities from 5 to 100 feet 
pec second. For ordinary pressures the two ends of llic inclined 
gauge are connected by rubber tul)es to a Pitot tidre’such as shown 
on the left of the figure. One of the tubes of tlic gauge is designed 



to be turned so that it faces the current of air while the'other tube 
has the plane of its orifice set sideways to the flow of airpo that the 
difference of pressure of the air in the two tubes is a function of the 
velocity. The gauge is also suitable for pressures up to 100 lb. per 
square inch. The whole arrangement shuts up into a box 22 in. x 

• Procf’dings of the Royal Sneirly, 1906, volume "8», p. 410., 

^Journal kE.E., volume 57, p. 476. 
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11 in. X 4 in. and is an extremely portable accurate and readily applied 
instrument. Messrs. Cramp* and Frith also show a less portable 
differential gauge reading by a pointer on a disc having a double 
scale of from 5 to 70 feet per second air velocity, and 0 to 1 inch 
differen^al water column, b^ which tlifferences of pres.sures of one 
thoasandth of an inch (water gauge) can be measured. 


The precautions to be taken in using the Pitot tube, and 
in making other measurements of velocity are fully dealt with 
in thp pajier by Barclay and Smith referred to. They point out 
that the principal objection to the Pitot tube for this work 
when making absolute measurements is that its accuracy is depen¬ 
dent upon the air flow being at right angles to the orifice of 
^ ^ the dynamic tube and in the plane of the 

A. 1 ^ orifice of the static tube ; conditions that 

If cannot exist when the air flow i.^ variable 
11 in direction. The fitting of a disiharge 
^ cj| trunk, as shown in Fig. 54, to the air exit 

^ ^ II greatly facilitates the accurate measure- 

\\ // II ment; but no matter what precautions 

U , of this kind are taken there is still some 
|[|r ap])reciable variation of tjie air •velocity 
‘from ])oint to ])oint over the discharge 
J rB outlet, indicating that we do not have a 
j pure stream line flow. With the air flow 
varying in dirwtion from point to point 
any partiiailar I’itot tube reading may 
• not give, accurately the veioi ityof that 

<2) ])art. f)i\ William (h'amp*.has jiointed 
, , out the advantage of using the jmeurno- 

.. meter t in.stead of the Pitot tube. Two 


forms of this in.Htniment are illustrated in Figs. 59 and (iO. The 
action of the instrument depends upon the condition e.xisting 
upon the two sides of a disc placed at rigjit angles to the 
direction of the stream whose velocity is to lie measured. On 
the side of the disc which faces the current and close to the 


centre of the disc the pressure due to velocity is given by the 
formula p - where p is the density of the fluid. (4n the 

'opposite side of the disc there is a negative jirc.ssure whose value 
is -~0'37 rtf the pressure in front. In Fig. 59 flic disc A is placed 
at right angles to the stream and two small tubes li and (-', which 
very nearly touch the centre, are connected to the two ends of 
a differentiid manometer. In Fig. CO two small tubes are replaced 


*Jcnniiil I.K.K.t volume 57, p. 479, ^ 

f Proceedit ga of the Manchester Literary and Philosophical Society, 1914, volume 58, 
part 2. 
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by small holes B and C in the centre of the discs which enclose the 
main disc A, forming chambers which ase in communication with the 
njanometer tubes 13 and E. This second form is perhaj)s better than 
the other. In either case when either tubes oi the pneumometer 
are coimected to either ends of a manometer the jwessure wfiich the 
latter reads is /) ^^l-37t^/);2(/p„ where p,*is the density of tlie mano¬ 
meter fluid. The great advantiige of tlie instrument is that in¬ 
accuracies due to variations in tlie static head are entirelv eliminated 
and that the velocity is measured practically indejiendently of any 
other condition. 

The anemometer of the tj'jie illnstratcd in Kig. (il is of great, use 
to the dynamo tester. The best method of getting the average 
velocity of air with this instmment from a wide oritice's to divide 
the orifice up into a number of squares by 
stretiiiing thin cord ms shown in Fig. 54. The 
anemometer is then held above each sipiare in 
succession for 15 or 30 seconds, being ])assed 
quickly from one square to the next without 
stopping to take readings. The total reading 
of the anemometer is taken in conjunction witli 
the total.time that it is exposed to the draught. 
iSinith and Ban lay found that when usi'd'w ith 
the precautions* which they recommend the 
anemometer gives reliable results. 

The hot-wire velocity - indicator devised by l’rofes,sor .1. T. 
llacdregor Morris is based on the fact discovered by Dr. Kennelly, 
and Messre Wright and Van Bylebelt.f that with unvarying wdml 
velocity the linear forced heat convection from a thin wire increases 
as the square root of the air velocity, h’onr exactly similar wires of 
material having a high electrical resistance-tenqierature coeflicient are 
arranged as a Wheat,stone bridge. One pair of opposite arms of the 
bridge is e.x])o.sed directly to the air current. The other ])air is also in 
the air current, but js proteided by being enclosed in thin-walled tubes 
of high thermal conductivity. This small bridge is attached to the 
end of a tube of convenient length, and conductors are carried inside 
the tube to a portable battery and to a milli-voltmeter. The differ¬ 
ence lictween the cooling of tlie arms of the bridge that are exposed 
to the air current and the arms that are shielded from it is indicated ’ 
on the milli-voltmeter, which can be calibrated to read the .fir vudocity 
directly. The indicator attains a steady reading in a fe,w seconds 
and in the form described the instrument is suitable for measuring 
velocities up to about 2000 ft. per minute, in order that this 

• Journal of thr /. voliimo 57, p. 206. , 

t TransaUioM of the American Institution of Ekclriral Engineers, volume 28, 
p. 363, 



Fill. 61. 




11 » 


DYNAMO-ELEC?rRIC MACHINERY 


instrunjent may give accurate measurements of the flow from an 
orifice, it is necessary that the flow should be parallel to the axis of 
the trunk, Fig4 54, because any component of the velocity at right 
angles to the velocity has a cooling effect upon the hot wires. 

Air-^ieating method. • The flow of air through a channel can be 
measured by measuring the' rise of temperature in it when a certain 
number of calories per second are imparted to it. The electrical 
engineer prefers to measure his heat flow in watts, taking 4-2 watts 
as equivalent to 1 calorie per second. 

Taking the specific heat of air at 38° C. and 7()0 nun. pressure 
as 0-242, and the'weight of one cubic metre of air as 1130 grams, we 
get the volume in cubic metres per second 


0-00212(2734 r,) watts ^ , 

r m '—- - ■ _ 2 ’ j- »ietrcs per second, 

^ I 

where h is the heiglit of the barometer in millimetres and 1\ and T.^ 
are the temperatures in degrees centigrade before and after the 



watts have been communicated to the air as heat. A.s f here are 
35-2 cu. feet in a cu. metre, the volume in cu. feet per minute, 


4-47(273 I Ta) watts , , 

Vf - j ■ cu. iect per minute. 

Barclay and Smith give the formula 


Vf 


174 (273 -I- 2’,)/' 


cu. feet per minute. 


where // is the heiglit of the barometer in inches and the power 
input is measiu-ed in kilowatts-=2'. In this formida a correction 
of ij per cent, has been made for heat lost by radiation. 

Several mctlnxls have been proposed for making usp of this 
principle. One method is shown diagrammatically in Fig. 63. The 
air is passed through a chamber containing an electrical heater H 
and a suitable means for stirring up the air so as to bring it to a 
uniform temperature before it passes out at the exit. At the entrance 
a and alf.the exit b, a number of thermo-couples, arranged in parallel 
according to the scheme described on p. 107, are distributed so as to 
measure the difference of temperature between the air before being 
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heated up and after it has been heated up. The flow of aix is then 
given by the above fomida, the anunlit of ])ower consumed in the 
|eater being known. i 

This principle has been very well developed in the Thomas air 
gauge, illustrated in Fig. 64. Here the dillerence of teinperature 
of the air before and after passing the heateV is measureil by means 



of two networks of platinum wire. These gauges have been devcHoped 
in various sizes for measuring the flow of gases in many (‘ommercial 
applications. One of these gauges could be employed either at the * 
intake or at the exit of the cooling air of a turbo-generatoV. 

Mr. B. R. Churcher of the Research Department of T'hc Metro¬ 
politan Vickers Electrical Co. Ltd. has developed a veiy convenient 
Wheatstone balance by which the flow of air through* a Thomas 
gauge can be very conveniently read off. 

Another metlidd is to heat up the air in the turbo-gciierator by 
the known losses at po-load. If the losses which go to heat up the 

W.D. li 
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air * haye been accurately determined by any ol the methods des¬ 
cribed above, pp. 69 to 87 slnd the difference of temperature of the 
air at tiie intaka and outlet is accurately measured, after the machine 
has been riuming for some considerable time with no losses in it, 
except the known losses, and the conditions have become steady, 
the flow of air can be Calculated frmn the mean temperature rise 
{Tt~Ti) ==4 by the formida given on p. 112 . 

If now tlio Jiiachine is put on load and the supply of air is kept 
nt the Hiinw amount us at no-load, tho mean temperature of the air 



at the exit will go up to 2',,. Calling — = the temperature 

ris(^ at full load, we have * 

Losses at full load 
iiosses at no-load ~ 4 ' 

Tims the. actual losses at full load c.an be determined with 
considerable accuracy. A. H. Ijaw lias pointed out that it is 
possible to measim'. the no-load losses in a tiu’bo-generator after it 
lias been erected on site by running it as a synchronous motor from 
the Ihis bars, and measuring the input by watt-meters. The exciting 
watts can be separately measui'cd. The bearing losses are dsually 
small and can be measured by taking the flow of oil and its tempera¬ 
ture rise. An allowance should be made for heat radiated from the 
frame. The device used by A. H. Law to run the generator up 
to speed, so that it could bo synchronised on the bus bars and then 
discoimected from the steam turbine, is shown in Fig. 65. The 

♦Thf' only losaos uhicli do not go to heat up the air are thc^ bearing losses, the heat 
lost by radiaiion from tho fmme and by <‘Onduotion t^ the bed plate and the energy thrown 
away in the velotdty of tho air at the discharge. * 
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coupling bolts joining the halves of the coupling between turbine and 
generator were removed, and the lialves^jf the coupling connected by 
tjvo soft copper driving strips AA, riveted to the tuAinc half of the 
coupling. Each of these strips engaged with a tapered projecting 
stop on the alternator part, of the couplyig, as shown at Wien 
the turbine was started AA drove BB, and the alternator w'as run up 
to speed and synchronised on the bus bare. Wlien the. turbine was 
shut down, B ran ahead of A. and being tapered, forced outwards 
that part of A which projected over the alternator half coupling, 
thus freeing the alternator from the turbine. The no-Joad lo.sses in 
the alternator were then measured while it was running as a motor. 
It is also possible to measure the no-load losses by the.retardation 
method (see p. 72). Some interesting retardation cim^es and 
temperature rise curves taken on a .5000 K.w. altiwnator arc given 
by A. H. Law.* 

In order to avoid the necessity of measuring the no-load losses, 
the heat from which is not given to the air (the bearing losses, heat 
radiation losses, and air velocity lo.sses at the air discharge), Barclay 
and Smith have proposed the following method of finding the number 
of kilowatts required to raise the flow of air 1° C. When the machine 
is being tested fhe temperatiue rise of the cooling air is measunnl, 
(1) on qpen circuit wdth the rotor unexcated, (2) on open circuit wnth 
the rotor excited to a known value, the iron lo.ss and rotor coiqier at 
that excitation being determined, (3) witli th<! alternator on load. 

Let t„ denote the temperature rise of the air in test (]), 

4 the temperature rise of the air in test (2), 
the rotor copper loss (in kilow'atts) in (2), 

P, the stator loss in (2). , 

Then the kilowatts required to raise t he air one degree are 

P < P 

V ’ll 

If t, denotes the temperature rise in test (3), the load loss will be 
Pi ^^' - j Ui--r Ap y t, kilowatts. 

'V ~ ' ll * 

They have called the above method of determining the load 
losses the “ Calibrated Air-temperature Mef hod." It can be ap])lied 
to all enclosed machinery. * 

Having measured with fair accuracy the fUU load losses, we may 
subtract from those the sum of the separate looses, consisting of the 
friction and windage, the iron loss at the generated voltage, and the 

a er losses in rotor and stator. The difference between the ipf'usured 
losses and this sum gives us the stray losses. When A'e can 

* Jourml of Inal. ElfC. Engin€frii,vo\. !il, p. 306,19Uh 
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arrive at the approximate value of the stray losses we are in a better 
position to enquire into theft cause. The causes of stray losses have 
been considered, pp. 91 to 103, and sometbin^ lias been said there as 
to the means of reducing these losses to a minimum. A great deal, 
however, remains to be’ dope in investigating the causes and cures. 
of stray losses. ' 

It is not within the province of this book to describe the methods 
of finding the efficiency from the measured input and output, or by 
the Hopkinson method, with its important modifications by Kapp, 
Potier, Blondel, Hutchinson and Mordey. 

These are fully dealt with in books on dynamo testing, and as 
the objeiit ,pf these tests is to find the total losses rather than to find 
how the losses are distributed, they are not so helpful to the engineer 
in finding out what is rvrong as the methods describi'd in tlie prei^eding 
pages. 




CHAP'I’EK IV. 

MlSCKIiiANEOUS TIKlUHJ.EH. 

WANT OF JiALANCK. 

The rotating parts oT all dynanios are given a static balance before 
they leave the, makers’ works, so tJiat it is very seldom that one iinds 
the balance as tested on rolling edges far from perfect. It is, of course, 
possible for a balance weight to become displaced, but that is a matter 
that is easily remedied. If a machine by any accident is run con¬ 
siderably above its rated speed, the end-windings may shift and 
become if little eccentric so as to disturb the balance. In order to 
iind the high point of the end-windings, a piece of chalk may beheld 
in the hand steadied by the frame and presented to the revolving 
parti when running at full speed until it makes a mark on the high 
])art. If the high part, after being hammered into position is driven 
out again by centrifugal force, it may be necessary to re-band the 
winding so as to bring it tightly up against its support. 

Running balance. A more common occurrence in fairly high 
speed machines is a defect in thefrunning balance although the static 
balance is perfect. If tlie spider of an armature has a blow hole on 
the front end and the balance weight has been added at the rear end, 
the effect is to give to the machine a wobbling motion when running. 
Small defects in running balance in moderate speed machines, when 
noticed on the test bed at the makers’ works, are often attributed to 
the fact that a machine is not mounted on its final foundation! It 
may be that after the machine has been mounted on its foundation the 
cunning balance is defective, and on commutating machines this may 
very seriously interfere with the collection of current at th,c brushes. 
The hints given below relating to turbo-machines are applicable to 
these cases except that the matter is generally much mure easily 
dealt with when the speed is moderate. 

Turbo machines. Machines designed to run at several thousand 
revolutions per minute re<juirc to be given a very accurate rpnning 
balance in order to* minimise vibration. On pages 121 to .127 below 
ire given’the outline* of the theory relating to the position of the 

117 



118 


’DYNAMO-ELECrBIC MACHINERY 


running, centre of a simple fjy-wheel where the centre of gravity is 
not in the geometrical centri. Every one who essays to correct the 
running balance of a high-speed machine should make himself 
familiar wth these outlines, because they throw some light upon what 
happen^, at various speeds when balance weights are added to the 
rotor. When we are dealing with a long turbo-rotor coupled to a 
steam turbine, the comlepte theory is very much more complex than 
that given below ; but although the rules here given must be taken 
with^somc reserve on that account, they nevertheless are useful in 
directing the general policy in the fixing of balancing weights. 

The most usual way of ascertaining which way a shaft is deflecting 
owing to want of balance is to present to it, while it is running, the 
point of a f)lue or red pencil, held in some support secured to the 
stationary frame (the hand steadied* on some part of the frame is 
generally steady enougti). The part of the shaft which is most 
deflected from the running centre then becomes marked with the 
penciil. This statement is based on the assumption that the part 
of the shaft in que.stion is truly cylindrical and has its centre at the 
geometrical centre of the machine, when it is stationary. It some¬ 
times happens that the parts of the shaft upon which the marks 
are made were not turned up at the same setting in the lathe as that 
at which the journals rdfceived their final finish, and these parts 
are slightly eccentric with the centre of the journals. When this 
is so the marking gives no true indication of the side that is most 
deflected from the running centre. Before beginning operations 
we must make certain that the shoulders, S, of the shaft upon which 
the marks will be made (see Fig. 66) are truly concentric with the 
r- journals j. The above statement is also based on 
^ the assumption that the pencil point only bears 
'' very lightly upon the part of the shaft that is most 

deflected. If it is pressed too severely it may make 
I'ui. CO. arouud tlic shuft, and the 

phase where the mark is thickest is not necessarily the place where 
the tieflection is greatest, because the pencil gets pushed out of its 
position and makes the deepest mark on the place where it 
18 b^ug actelerated outwards. This action of the pencil always 
takes place to a certain extent even when the marking is extremely 
light, so that one must take it into account when judging the position 
of the greatest deflection from the position of the mark. 

The mpst conspicuous phenomenon in connection with balancing 
tmho-rotors, 'is that the position of the maximum deflection varies 
with the speed, and in order to find out where to put the balance 
weight, .we must understand how this maximum deflection point 

It is iH'ttrr to stowly tho band on the top of the bearing than at the side, because 
Wio pedestal often has a sideways wobble. 
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varies as we gradually increase the speed from zero to a point above 
the critical speed. A rotor may have iiany critical siweds,' but the 
o.ne that is most commonly spoken of is the fimdiimental critical 
speed, which has the same frequcaicy as the freipiency of vibration 
of the rotor supported in its bearings and vArating like a hafj) string 
giving its fundamental note. Wlien the’stiffness of the shaft and the 
distribution of mass on the rotor are ascertained, the ciitical speed 
is known. In practice, the stiffness of the shaft and the mass of 
the rotor are adjusted so that the critical speed shall be ivmoved 
as far as is convenient from the normal running s})eed. WTien a 
machine is running at its critical speetl the vibration observed is 
very much more intense than when it is running below or above 
critical speed. Sometimes it is not possible to make the shaft so 
stiff as to get the critical speed above the normal speeil. In such cases 
the designer takes wire that the natural fundamental lre(piency of 
vibration of the rotor is well below its normal frerpiency of revolu¬ 
tion. In such cases it is of course nc(;es8ary, when stajf ing up, to 
run through the critical speed and if there is a considerable amount 
of want of balance in the rotor, very excessive vibration may be set 
up. Where the balance is reasonably good a machine will pass through 
its critical speed with only a momentary tremor. A machine 
designed for 3(5oO r.p.m. will often have Its critical speed at about 
2200. * We know from theory that there will then be another critical 
speed (thesecondharmonic) above* 4400 andthe third harmonic above 
6600. But the governor is designed to cut off steam long before these 
speeds are reached. The facts brought out in the theory of the simple 
unbalanced fly-wheel may be shortly stated as follows : When the 
fly-wheel is running a long way below its critical speed, the point 
of maximum deflection is on the same side of the running centre as 
the centre of gravity; that is to say, the pencil makes its mark on • 
the heavy side. When the fly-wheel is running at a speed much 
higher than its critical speed the point of maximum deflection is on 
the opposite side of the running centre to that on wliich lies the centre 
of gravity. That is to say, the pencil makes its mark on the light 
side. When the machine is running at its luitical speed the deflcistion 
reaches its maximum, and the point of maximum deflection js 90“ 
behind the position of the heavy point. 

Fig. 67 A shows the case where the machine is rumiing a long way 
below the critical speed. The marking on the shaft is represented 
diagrammatically by the line drawn on the outside of^the circle. 
Fig. 67 B is a diagram of the conditions when runniug’at the critical 
speed. Fig. 68 shows the conditions when running a long way above 
the critical speed. When running just below the critical speed the 

• Owing to the shapo of the turbo rotors «» ordinarily constructed th(^ mxoml critical 
speed is more than twice the fundamental. 
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marking takes up an intermediate posiljjon between the marking on 
Fig. 67 A’and Fig. 67 b, as shoin in Fig. 69 A; and when running just 
a little above tha critical speed the marking takes up an intermediate 
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position betjtveen the marking in Fig. 67 n and Fig. 68 as shown 
in Fig. 69 n. From the theory given below, it lie seen that 
on high Apeed machines having very stiff shafts +he passage from 
the marking shown in Fig. 69 a to the marking shown in Fig. 69 b, 
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occurs with a change of speed of only a few revolutions per minute. 
That is to say, the critical period is lonlined within a couipara- 
ti^vely narrow zone (see page 126). 


Simple Theory of Balancing. 

In dealing with the theory of the defle’etion of the shaft of an 
unbalanced flywheel, we are concerned with tJie relati\'c jxj.sition.s 
of three centres. There is iirst the geometrical centre, or tJie 
“ turned ” centre, as it is sometimes called : that is to say, the cvntre 
about which the rotor revolvetl in the lathe in wliich it was (inished. 
The position of this we will denote by C in Fig. 70. Hecondly, there 


Of e 

i 

C 

Fic. 70. 


I 

A 

G 


is the centre of gravity, whicli in a perfectly balanced rotor will lie 
in C, but whose position in general we will denote by G. And t hirdly, 
there is the “ spinning" centre, about whhdi the rotor revolves when 
running at a high speed. The position of this centre changes as the 
speed is changed: it Avill be denoted by S. In general, we may lake 
the distance CO as constant and denote it by c. 

The simplest statement of the relative positions of C, G and aS' 
can be made if there arc no damping forces on the shaft, for then the 
three centres lie in the same straight line. A more l ompleto state¬ 
ment, however, requires us to take damping forces into account. 
We then find‘that 8 is not in general on the line GG. 

Let us take the simple case fifst, becaus(i it brings into prominence 
some of the salient phenomena in the behaviour of an unbalanced 
rotor. We will denote the distance of G from 8 by r. ■ 

When the rotor is running at a low speed, the centrifugal force 
acting on G will pull C over in the direction CG, so that as in Fig. 70, 
8 will be on the left of G. Taking CG as the positive direction, lei 
us denote the distance 8C, which is the deflection of the shaft, by Dj. 
Then the radius at which the centre of gravity revolves is 

r=Z>/-t-e. 

If m is the mass of the rotor, the centrifugal force is * 
mrur ^. ’ 

where w is the angular speed. Let the stiffness of the shaft be such 
that the spring force * on the rotor tending to bring G back to 8 

* In this simple statemtiit wo have not troiihlod about units. On below, the 

matter is re-stated and propjsr units are introduced. • 
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is kD,. . In the case we have taken, this is opposite in sense to 
niu^(Dj+e ); and, as we are for the moihent neglecting other forces, 
* kDf—tno>^ (Df+e) =0, 

{k--nw^)Dj—rm?e, 

. ' j. rm^e 

^ k-mu)^' 

From this we see that when the speed is sp small that ww’ is 
less than k, Dj is positive ; that is to say, that SC is measured from 
left to right and S is on the left of G as in Fig. 70. At very small 
speeds mt>H is so-small that S almost coincides with C ; but as the 
speed increases not only does the numerator increase, but the term 
mi? also increases, and as it is to be subtracted from k it makes the 
ilenominator smaller; so that the value of Df increases as w increases, 
up to the point where mw* is equal to k. Then the denominator 
becomes zero—that is to say, Dj becomes infinite. In actual 
practice there are damping forces which save the situation ; but if 
there were no damping forces the sliaft would break at a speed which 
made m? equal to k. This is the whirling speed, or the speed of 
resonance. In the design, k and m must be adjusted so that the 
speed of resonance is far removed from the normal speed of the 
machine. ' 

If we now have im? greater than k, we see that Dj is negative— 
that is to say, SC is measured from right to left, as in Fig. 71. 


u 

r 

* 
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G 
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If ma? is only a very little bigger than k, the denominator is 
very small—that is to say, Df is very great. As the speed is further 
increased, the denominator becomes greater, and Df becomes 
smaller, luitil in the limit m? becomes so.,great in comparison with k 
that we may neglect k, and write 


jnw'c 

At very liigh speeds SC is negative and equal to e, so that S 
coincides vith G. That is to say, at high speeds the rotor revolves 
about its owh centre of gravity, bending the shaft by a constant 
amount e in order to do this. At the very highest speeds the re¬ 
storing tpree A^! can be neglected in comparison with the centrifugal 
forces. As the speed is lowered a little, the force' ke does afiect the 
amount of deflection of the shaft; but it makes it greater instead of 
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smaller, because the speed is so great that the deflection produced 
by he lags 180° in phase behind the f'olce. As the speed is lowered, 
Ijjie added deflection due to this cause becomes greAtcr and greater, 
until the resonance point is reached. Below the. resonance point 
the force ke acts in opposition to the force luitil at tje lowest 
speed it brings back S almost to C, tbe'" titrned ” centre. 

Theory of deflection of shaft, taking damping forces into account. 
In actual practice we can run a turbo rotor at the speed of resonance 
rvithout breaking the shaft, if the balance is not e.xcessively. bad. 
The vibration is often very severe at this speed, but the deflection 
is kept within boimds by damping forces, acting for the most ])art 
on the journals. These forces on the journals are mainly fluid- 
frictional forces, which take energ}' out of the vibrating rotor. 'They 
may for the present discussion be taken as pro])ortional * to the 
velocity of vibration. Sometimes there arc energy-absorbing forces 
within the rotor itself, as where a rotor is built up of i)lates which 
move relatively to one another as the shaft bends. 

When we introduce the damping forces we must be ])re])ared to 
find that S' is no longer in the line CG ; so the problem liccoim* a 
two-dimensional one. It can, liowever, be very mucli simplilied by 
resolving the luotion of C and G around S into a horizontal and a 
vertical motion. As these two motions hre exactly similar, except 
that tliey differ in phase by 90°, we may (consider the horizontal 
c:omponent of the motion and make uj) oiii‘ differential etpiation as 
if the motions of G and G with regard to S were motions of translation 
only. 

First we must get an expression for the motion of translation 
of G with regard to C. As C and G revolve about S they of course 
revolve about each other. Consider for the moment C as a centre 
about which G revolves, and let us begin to count time from the 
instant when G is immccliatcly to the right of C, as in Fig. 72. We 


s^■ 




c 

Kio. 72. 



• Any energy-absorbing forces that arc not proportional to the velocity will also damp 
the vibration. The theory would be affected in so far that (i would not bo a con8tant,«o 
that the shape of the deficetion-graph would be altered; hut the conclusio- K would not 
be affected for practical purposes, provided wc give to ii its approiimatc valuo at oritical 
speed. 
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make uo assumption, of couis^ as to the position of S at this moment. 
The distance of G to the righi of C at any instant is then given by 
the expression ehoau>t, where t is the number of seconds that have 
elapsed since we began to count tin>c. Now denote by x the distance 
of C to tile right of 6'. At a^ instant x may be positive or negative, 
but always the distance 6f G to the right of S will bo (a:+ecos<o<). 
If m is the mass acting at G, the force due to the horizontal accelera¬ 
tion of G will be 


(f‘(x l-ecoaot) .. „ 

WX--- ^^2 - —mx—meariioaat. 


Let tlic horizontal damping force be proportional to the horizontal 
velocity of 0 -bx. Ijet the stiffness of the shaft be such that the 
horizontal spring-force tending to restore G is kx; then 

mx +bx+kx~ cos mI, t 


X--- 


nwre. 


— cosfwl—tair* , „V 

\2 \ k—mo^' 


■\-{k—7ni>rY 

If we denote by y the vertical displacement of C above <S' (that is 
to say, when HC is measured u|)wards y is positive), then we can 
show in the same way as before that 

■.i^n / 1)1,t 


y-. 






sin (< 

, 2 \J \ 


wl—tair 




)■ 


Combining x and y, we get the position of C at tiie end of a revolving 


vector whose length is - and whose phase position 

is a certain angle </» behind the vector CG (Fig. 72), the value of </> 

being ^ 

tan-‘.- 

k—mo‘ 


If 6—0, we get, as on page 122, the deflection 




The viduo of </) is then zero, si> that »S lies on the line CG, and all that 
we have said on page 122 as to positive deflection below the speed 
of resonance and negative deflection above the speed of resonance 
holds. 

Now give 6 a finite value and the angle i/) becomes finite, so that 
S is no longer in line with CG. We must be very careful in construing 
our sigirs -(* and — in connection with the vectors. It must be 
remembered that iff is the centre of our vector diagram and we count 
at fronr the time when CG is in the position shown in Fig. 72. For 
apy given values of the constants m, a, b and k we have a-delinite 
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value of the angle <j>, which is measured as shown in Fig. 72. In this 
figure t is zero, iw I increases the ^fliole figure revolves'about S, 
the angle (p remaining constant and NC remaining a lector oi constant 
length. 

At the critical speed h—mu?, so tliat‘<^) becomes a I'ijJbt angle, 
and the horizontal deflection becomes * ' 


mu^e, 

cos 

Oft) 




Wft'C 


sin ft'/. 


and the vertical deflection becomes 


mwe 

j-COSft)/, 

so that our vector diagram for /i^O, is given in Fig. 7.3! 

That is to say, that the deflection lags 90 behind the vector CO. 
and in amount it i8.proportional to the mass and to the sp'cd and to 
the eccentricity e, and inversely proportional to 
the damping constant b. 

In order to realize how narrow the resonance 
zone is when we are, dealing rvith high speed 
turbo rotors, it is of interest to insert actual con¬ 
stants for m, b and k as foimd in practice. We 
may measure'the force in grams-weightf, and the 
mass'in units consisting of 981 grams; so that for 
a rotor weighing 2700 kilograms, we have m 2750. 

For a normal speed of 3000 r.p.m., we have ?c 
=314 radians per second. In order to avoid 
resonance the stiffness of the shaft may be such as 
to make i =il'48 x 10* grams weight per centimetre 
deflection. This will give a critical speed of 232 radians per sec. 
for =2750 X 232 X 232 =1-48 X 10". ' 

The amount of eccentricity that one might have in practice is, 
say, that due to 100 grams at a distance of 38 cms. from the centre 
This \vill make 

With this amoimt of eccentricity a damping constant of 13000 
will limit the deflection to 0 009 cm. We will take tlierefore, the 
following constants: = 2750, 

lk = l-48xl0", 

5=13000, 
e = l-4xl0 

Filling these»valucs in the formulae on page 124, we may find 
the amount and phase of the deflection for the different Values of, «>, 


73. 
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These may be plotted as shown in Fig. 74, and give us the deflection- 
graph for the above constants. TJie value of k and mu? are so great 
as compared with b, and the value of (k-vio?) changes so rapidly 
near the critical speed for small -changes in «>, that the marked 
resonance zone lies betweep (»=230 and The corre¬ 

sponding speeds in revs! per minute are 2195 aTid 2235. That is 
to say, a change of speed of 2 per cent, is sufficient to carry 



the rotor through the resonant zone. If the damping constant is 
greater the resonant zone is wider, and the amplitude of the vibra¬ 
tion is less for a given eccentricity. 

When the I’esonant zone is naiTow the deflection-grapli is indis¬ 
tinguishable from a circle,* as seen from Fig. 74. 

• The proof of this is as follows: w be ver^* nenrly constant ; then wo have Mni doflec* 

tion represented l»j’» nuliua ve'ctor whose length is 

a 

. r -, 

' R 

ind whoso phaso-anglo is </i -tan~' 

rhero a and R may be taken os constants and X is the variable. 

As X is <>iiinl to (A' - »i<u*) where t and hi are great, it niay pass from a great [wsitivc 
.•able to a great negative value tor a comparatively small change inVhc value of w. 

, In Fig. 76 the line OQ may represent the constant R to scale, OS being taken as unity 
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On lower speed machines the eccentocitv may be greater without 
causing very excessive vibration, and lis {k-nu^) does not' change 
so quickly for small percentage changes in «. it is hasier to adjust 
the speed to the critical value and obtain the marking at right angles 
to the heavy point. With high speed machines, howevfr. it is 
difficult to do this with certainty', because a'change of speed of a few 
parts in a thousand takes us from one side of the graph to the other. 
Where it can be done, it is best to balance the machine at its critical 
speed, because the indications of the pencil lines are then most 
pronounced; and if we secure a fairly' gimd balance at this speed, we 
shall find on running at normal speed that the niacbine is almost free 
from vibrjition. For the reasons given above, however. W(‘ must 
expect to have very erratic markings of the ])encil when running 
in the resonant zone; but if we know sometliingof the deflection-graph 
we shall not be dismayed by them. 

Practical hints on balancing. 

In setting out to balance turbo rotors the following is a good 
course of procedure. Make sure that the surfaces of the shaft at 
both ends of tlic rotor just outside the journals (see Fig. 0(i) arc 
concentric with,the journals. Prepare these surfaces to receive the 
|)encil niark. This is best done l)y polishihg the shaft with a ])iece of 
emery cloth, the direction of scratching of the emery being made with 
lines parallel to the axis. This makes the pencil line very much more 
visible. It will be found that a steel shaft takes the. ])en<’il more 
readily if it has on it a very thin (gating of machine oil. It is sufli- 
cient to put oil on \vith a rag and then wipe all off that can be wiped 
with a rag tlmt is almost clean. The kind of pencil that marks the 
best on a shaft is the ordinany blue or red crayon sold by the 
stationers, which has a rather soapy core. 1 n rabbing off old markings 
use an oily rag, so as not to spoil the cross emery scr.atchings. 

Where po.ssiblc, arrangements should be made to run the rotor 
in both directions. The balancing can then be done very much ;nore 
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readily. In some cases, however, as where the turbo-m»chine is 
driven by a steam turbine, \t is only possible to nm in one Erection. 

A tachomet* should be attached to the rotor for the purpose of 
accurately indicating the speed at any instant; or the stroboscopic 
method* of speed measurement described on page 77 may be used. 

Assuming that it is'possible to run in both directions, run lirst 
in a clock-wise direction, gradually increasing the speed until some 
vibration of the bearingH is observed. Then mark both ends of the 
shaft lightly, at the same time noting the speed. If the speed 
attained when the out-of-balance is observed is only a few himdred 
revolutions per minute, we may assume that it is a long way below 
the critical speed and the itiarking at each end of,the rotor probably 
shows theMieavy side at that end of the rotor. However, the 
indication in this mspect is rather indefinite. There may be other 
factors controlling it. Leaving the marks as they are, run the rotor 
in a coimter-clockwise direction up to exactly the same speed as 
before and again mark the shaft, the pencil being held, say, 
Jth inch nearer the rotor than before. Now shut down the machine. 

If the marking at one end has been caused by the shaft coming out 
on the heavy side at that end, then the clockwise mark and the 
counter-clockwise mark will almost correspond and indicate the side 
on which the rotor is heaviest. If they do not correspond, take the 
point midway between the centre of each line as the heijvie^t point. 

In general, the markings at one end of the shaft will be different from 
the markings at the other end. Now fix a balance weight at each 
end to counter-balance the heavy side and run the rotor again. It 
.’8 a good plan in the first instance to put a rather heavy balance 
weight at each end, and to run the rotor up to the same speed as before, 
both in a clockwise and in a counter-clockwise direction and make 
two new marks. If the balance weights which have been attached 
are too heavy, the new marks will be on the opposite side of the 
shaft. 'I'his proves that we are on the right lines. Now reduce the 
balance weights to an amount which appear from the last markings 
to bo about right. It will now be found possible to run the rotor up 
to a higher speed before very bad vibration occurs. If the speed is 
stiir.below the critical speed proceed exactly as before, adding a 
little more balance weight or taking a little off according.to the 
indications obtained. We can proce^ in this way until we almost 
reach the' critical speed. It will then be found that the markings in 
the chM'kwise direction and in the coimter-clockwise direction become 
gradually further and further apart. The place to put the weight 
is midway between the markings if the speeds in both directions 
are identical. As we have seen on page 126, when we are near the 
critical 'speed very small differences in speed will give very great 
changes in the position of the mark; so that it is well to l)c.guided by 
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our previous knowledge of the liciivy point, and not trust too much to 
the bisection of the distance between tne markings made in'opposite 
potations. When the critical speed lias been reacht'd, the markings' 
will occim on opposite sides of the sliaft. Now it must be remembered 
tliat the filace to add the weight is 90' iH'liind the marking. The 
critical speed is tlie best speed at wlucli 'to run the tuiibo when 
balancing it, because the indications of want of balance are iiiost 
pronounced. It is hardly possible to bahijwc a iimrhiiw so well 
that vibration is not noticeable at the critical sjiecd, but if we 
succeed in getting down the vibration to a small amount m the 
resonance zone, it will be found that we can then run up to full speed 
and the vibration will then be very much diminished. 

Where a machine is designed to run below its critical speed it 
may not be safe to run it at its critical s])eed, and in this case the 
balancing must be done at the highest speed that is safe, the po.sition 
at which the balance weight is attaclusl being indicated as before. 

If it is not pos.sible to run the rotor in both directions, some judg¬ 
ment must be used in ti.ving u]H)n the position at which to attach 
the balance weight. As a rule in turbo-machines, the zone of reso¬ 
nance is very narrow, so that the markings are for the most part 
on the licavy side below re.sonance, and in the light side above 
resonance. Tliii same principles are. a])plied as in the foregoing. 
In actual practice the ])]'oceilure is not quite as sinqile as that indi¬ 
cated above, beiauise the movenumt of the rotor is more conqilex 
than that prescribed by the sinqile theory. This is especially the 
case when the. rotor is direct connected to a steam turbine or 
another machine. For this reason it is well to loosen all coujilings 
that may te,ud to interfere with the rotor’s owii movements. In 
case the heavy side, of the rotor is dill'erent at cacli end, a curious 
wobbling motion is given to the rotor, which interferes with the ' 
simplicity of the markings as outlined above. Working on the lines 
we have laid down, however, it is possible to get a general indication 
of where to put the weight at one end .1, so as to improve t he riinning 
at that end. Then moving to the other end U we shall find that the 
disturbances created by A are less than before, .so that we can get a 
fair indication of where to put the weight on the Ji end. Fixing this 
as fan as possible from the indications, we then go back t o the A end 
where the indications are now more precise, and after getting a 
better balance there we jiroceed to the end B again, and so on, until 
a good balance is obtained at both ends. 

In fixing balance weights during these tests very gieat care must 
be taken to secure the weight in a way that is very positive, so that 
there is no fear of its flying out during the run. When tin' amount 
and position of the, balance weights have been defmitely ascertained 
the weight should be prepared in copper or other suitable’metal and 

W.l». I 
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fixed in a tboTougbly permanent manner. Wien standing near a 
turbo-machine (especially iflit is being run up for the first time) 
'always stand out of tie “line of fire,” unless there is some reason 
for standing in the more dangerous place.*" 

Shifting balance. Sometimes it is found when balancing a 
turbo-rotor that a fairly positive indication is obtained as to the 
position in which the balance weight should be put, but before the 
right amount of the weight has been adjusted a clear indication will 
appear that a big weight is required in an entirely new position. 
Concentrating now on the new position, an attempt is made to 
ascertain the amount of the weight required, and then suddenly the 
markings indicate an entirely new position again, and so on. This 
effect sometimes occurs on rotors which are builf up of laminations 
threaded on a shaft and very firmly bolted together. Under these 
conditions the shaft sometimes bends when running at or near the 
critical speed, and the friction between the plates is sufficient to 
preserve the bend, so that the balance is upset. With a new weight 
m position the shaft may again bond in another direction, so giving 
a new indication of want of balance. It is of course impossible to 
obtain a good balance on a machine behaving in this way. We 
must either be content with the best balance obtainable or have the 
rotor rebuilt on a new plan. 

In the case of moderate speed machines in which we are obtaining 
a running balance, the same rules are of course applicable, except 
that in general it will not be possible to run the machine up to the 
critical speed and the markings of the pencil indicate very closely 
tjio heavy side. Sometimes, however, the markings are compli¬ 
cated by the wobbling action of which we have spoken, in which case 
we must be prepared to put weights on both ends of the rotor, pro¬ 
ceeding alternately from end A to eiid B, as indicated above. 

PULLING OVER. 

The types of machines which are most liable to pull over are 
(1) Slow-speod alternators having a large number of pole^ and an 
air gap which is short as compared with the diameter of the machine, 
and (2) large diameter induction motors which have a short, air gap. 

After an alternator has been erected, the field-magnet is carefully 
centred, the air gap, top and bottom, at both sides and at both ends 
of the machine being measured by means of suitable wedges. One 
should not be .content with centring the field magnet in one position 
after finding the centre true ; it should be barred round through 90”, 
the centre checked again and then barred roimd through another 90” 

* The i>ntiior know one man who lost bis life by not attending te this rule, and one man 
who saved hiS life by attending to it. 
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and the centre checked. Sometimes th(^ rotor is siightly eo(;entric, 
especially when it has been pressed on the shaft oii site iis is sonietimeB 
the case on big engine-type machines. It is not a bad plan on these 
big machines to make the air gap at the to]» about five thousandths 
of an inch less than at the bottom. ,Thd imbalanced pml then 
supports a fraction of the weight of the rotor. This is better than 
having the air gap at the bottom less than at the top, for under these 
circumstances the imbalanced magnetic pull would bo addeil to the 
weight of the rotor. Where the machine is separately excited it 
will be possible to excite the field-magnet while it is stationary. If 
we wish to check the stiffness of the shaft and (he frame in this 
respect wo may deliberately make a displacement of aboivt ^ .3 and 
trv^ivhether a pull-over occurs when the no-Ioail field-cun-ent is 
switched on. If a pull-over (X'curs with a .,' 3 ' displacement, the 
manufacturers should’be informed of the fact because all miudiines 
are supposed to have their shaft and frame sufficiently stiff to with¬ 
stand this accidental displacement without pulling over. Although 
a machine may run quite well when perfectly centred, there will 
always be a danger of a small accideidal displacement and a pull-over 
occurring when the machine is in operation. A pidl-over may be 
due either io the.shaft not having sufficienUtiffness or the. frame ol 
the machine not having sufficient stiffness. In both cases the 
tendency to pull over can be reduced by increasing the air gap. 

Before this is done, however, you must a 

any margin in the heating of the held-coils. AVhether there is a 
chLe of substantially improving the conditions by increasing the ^ 
air gap can be judged by the following formula. In cases where 
the fron of the magnttic circuit is not sat urated the diflerence of pull 
in kilograms on the two sides of a machine 

=4-05 X 10" * X If* X No. of poles x sq. cm. pole area x^, 

where r, is the length of the air gap and « is the f ^h® 

centre of the rotor from the true central jiositioii, and li is the tVux 
iensitv in the gap. It will be seen that in this case the magnetic 
pull Jinvemely p%ortional to the length ol the gap, so that if the 
S can be increlised by 50 per cent, the iml can be reduced Miy 
IsVr Cent. T’his is in machines in which the magnetic ciriuit is 
lot^aturated In some cases, however, there is considerable ssitiira- 
Sm magn^lic circuit aM the unbalanced magnetic pull may 
oe diminished to less than one half of the amount given V t ic above 
Jrmida owing to saturation. If, notwithstanding saturation, the 
inbalanced magnetic pull is in fact siiffic^nt to 
he increasing of the gap will as a rule have very little effect,. nd one 

* For method of calculating the effcTt of ealuration on the unbalanced magnetic pole, 
ee Specificolian and Design qf.Dijmmo Ekclnc Mockmery, p. 358. 
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can iardly hope to effect afcure in that way unless there is so much 
margin in the ^eating of the field that a very big change in the length 
of the gap can be made. 

If it is impossible to reduce the unbalanced pull and the trouble 
arises from the springihg (jf the frame, it may be possible to stiffen 
the frame by a suitabfe str\icture attached to it. This is a matter 
for the manufacturer. 



•Where an induction motor lia.s a wound rotor aiwl full voltage is 
thrown on the stator at starting it juay be that a pull-over occurs 
undtir these (Huiditions. 'I'hc rotor should be very (•arefully centred 
>vith the_^rotor turned round to various positions and note .made of 
any ewxmtricity in the rotor that may be found in trying the air gap 
in these "diU’erent positions. If there is any eccentricity the rotor 
should be ground true. A pull-over on an induction motor, if it 
occurs wfth the rotor in an almost central position is invariably due 
to the;air gap being too short, having regard to the stiffness of the 
shaft and the stiffness of the frame. The right remedy is for the 
manufacturer to stiffen these parts. Sometiares, however, matters 
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can be improved by putting two Jialvfs of the rotor winding in 
parallel. The voltage for which a rotor is wound is not a matter of 
grfat importance in the operation of the machine.* Moreover, in 
many cases, the slip rings of the rotor will stand .loublc current for 
the short time required for starting up.. If,-therefore, it is possible 
to break up each phase of the rotor into two parts and connect them 
in parallel as shown diagramatically in Fig. 7G, so that each of the 
parallel circuits of one phase are on diametrically ojqiosite sides of 
the rotor, this should be done. 'I'he tajijiing jioints of the different 
phases should preferably be sjiaced at 00“ apart. The imtting of 
two diametrically opposite parts of a winding in parallel lias the 
effect of equalising the Hu.x on the two sides of tjie iiiaehiiq-; because 
it is impo.ssible for a great difference in the Hilv to (K-eiir without the 
flowing of heavy circidating curri'iits which have a magnet ising effei’t 
on the side where tin? air gap is long, and a demagnetising effect on 
the side where the gap is short. Tlie putting of the rotor circuits 
in parallel is not quite as powerful in its action in this resjiect. as the 
putting halves of the stator wimling is parallel, but if a stator has 
not been designed for this arrangement the change must be made 
on the rotor and not on the stator. 

MacJiines with squirrel cage windings already Jiave this parallel 
eomiection in the rotor circuit, and are tlierefore ver)- much less 
liable to pull over than woiiiul rotors. When-, Imwever, a rotor 
becomes very much dis])laced, so that the air ga]) at one side becomes 
rediK^ed to only a small fraction of the gap at the other side, the 
unbalanced magnetic ])ull can be sufficiently great, even on a squirrel- 
cage rotor, to bring about a ])ull-over. • 

Direct current generators. 1). (1. generators are not much 
troubled with the defect considejed under this heading, because the 
air gap is usually fairly great aiid the machine is seldom (‘xcited when 
it is not ruiming. If it is running the cniss-cojine<'tions on a laj)- 
wound ma<diine tlirow diametrically o])])osite ])art,8 of the wimling in 
parallel and sullicieiitly equali.se the liu.x to minimi.se the uidjalaviced 
magnetic ])idl even in the case of quite large displacements ol the 
armature. 

EDDY-CURItKNTS IN .TOUKNAT.S AND BEAUINCtS. 

In order to 8uc<-essfu!ly invest igat(‘ and cure trouble from eddy- 
currents in journals and liearings it is necessary to underetand the 
several (pauses that give rise to these ('uiTents. The (tausep fall into 
two main classes : (1) Ilomopolar effects, (2) Transfornter effects. 

(1) Homopolar E.H.F. in bearings. 

Whenever a revolving shaft is magnetised so that thq lihes of 
force emanating from.the journal regarded as a magnetic pole come- 
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out through the metal ofj the bearings, we have all the essential 
elements of a homopolar generator, if we look upon the magnetic 
pole as revolvihg, then we may say that an e.m.p. is generated in the 
metal of the bearings because it- is being cut by the magnetic lines 
from t^e journal. Or, if wp prefer it, we may say that the magnetic 
pole is stationary, being fixed to the coils or other source of magneto¬ 
motive force, and in that ca.se we may say that an e.m.p, is generated 
in the journals because they are moving in a magnetic field. Which¬ 
ever way we take it there is an E.m.p. along the paths indicated by the 
chain-dotted lines in Fig. 77. This e.m.p., often only a fraction of 



a volt, may be sulficient to make quite large currents flow when the 
conditions of the bearings are such iis to bring the surface of the 
journal in contact with tlic surface of the bearing. If the bearing 
• and the oiling arrangements start under good conditions, the oil 
forms an insulating layer; and even tliough the homopolar e.m.p. 
is considferable, the film of oil may b,e sufficient to prevent any current 
flowing. It is very commoiv for sliafts to be magnetised and for no 
trouble to be apparent. On large turbo-generators where the total 
flux coming from a magnetised shaft may be considerable, and where 
the speed is high, the dajiger from tlie homopolar effect is greater; and 
trouble sometimes arises from this cause when a machine is first 
started up and the bearings are not so g«(al as to preserve a perfect 
layer of oil insidation. The effect shows itself in a pittijig of the 
surface of the jomrnal. This pitting appears to be due to the breaking 
of the current by the film of oil from time to time. The pitting brings 
about a roughness of the journal, which prevents the oil fronf making 
as good aji insidating layer as it otherwise would do. In cases where 
pitting of tile journals is noticed w'c should ascertain whether the 
journal is magnetiscil. Sometimes it is permanently magnetised, 
so that ,a compass needle will give an indication when the machine is 
stationary, and sometimes it is only magnetised when the field-magnet 
is excited. Again, it may be that the shaft is only magnetised when 
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the machine is on load. The inves^gator should determine by 
exploring with a compass needle unaer which of these circum¬ 
stances the magnetisation occurs. There may be a weak permanent 
magnetisation of the shaft which is strengthened when the field- 
magnet is excited or when the machine fs on load. The.’residual 
magnetism may reside partly in the shaft anU partly in the bed-plate. 
Cast-iron has a fairly high coercive force, and if once strongly 
magnetised a big bed-plate can keep up a Jicavv magnetic flux 
through the journal and shaft back to the frame of the machine. 
The investigator must hunt for the magneto-motive force which 
originally produced this magnetisation. 

Magnetisation of the shaft by the field-magnet. ' 

When the magnetisation is strengthened by the field being excited, 
but not strengthened on load, the following may be some of the caiuses: 

(1) Single bobbin field-coil. On generators which have a field- 
magnet like that in Fig. 78 excited by a single field-bobbin, the 



whole of the*shaft will be found to be highly magnetised when the 
field current is passing. Some inductor machines have a single 
stationary field-coil between two parts of the stator. This field-coil 
may produce very heavy magnetisation of the shaft. 

(2) All field-coils of same polarity. Some alternators and 
synchronous motors are designed to have all field-coils of the •same 
polarity, these being put on alternate poles and the intermediate 
poles for ming a return circuit without any magnetising coils. . 

Machines of this kind invariably magnetise the shaft. If’there 
are 8000 ampere-turns upon each field-coil, the 8000 ampere-turns 
exert a magneto-motive force around the circuit which consists of 
the spider of the alternator, the shaft, the pedestal, the* bed-plate, 
the frame and the air gap. , • 

In cases (1) and (2) the magnetisation of the shaft can be cured by 
providing a stationary coil encircling the shaft and carryihg a current 
which will exert a magneto-motive force opposite to the magnetising 
force of the field-coils and sufficient to reduce the magnetisation to 
zero. In general one coil will be required for each journal. 
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(3) Dissymmetry in winding. In two-pole turbo-generators it is 
possible 'for the shaft to be magnetised through some dissymmetry 
eithpr in the fiefd-winding or in the mounting of the field-magnet^ 
The magneto-motive forces on some turbo-generators consist of so 
very ma^y thousand ampere-^urns that what is comparatively a small 
dissymmetry in ampere-turns, taken as a percentage of the wJiole, may 
give rise to a rather powerfiil magnetisation of the shaft. Jf, for 
instance, one pole of a turbo-alternator has 40,000 amjxwe-turns on it, 
the sliort-circuiting of only 5 per cent, of the coils will lead to a dis¬ 
symmetry of 2002 ampere-turns, which is quite sullicient to magnetise 
the shaft very heavily. 'I'he same thing may arise on 4-pole and 
0-pole inac.hjncs, but the greater niunber of jsjlgs the greater tJie 
percentage of coils that must be short-circuited in order to produce 
an appreciable elfc» t. 

Where the point of dissymmetry is soinethiBg whicli Icelongs to 
one pole, as where ])art of the magnetising coil of a noHh ]iole is 
slioit-circ.uited, th(> shaft will be magccetised with a cemstant ])olarity. 
'I'here are other dissymmetries, liowever, wliicli may give an alter¬ 
nating polarity to the slndt. J f, for in.staiice, the ai r gap in a two-pole 
turbo-alternator is made sliglitly greater at the bottom than at the 
top there will exist a difl'enmce of magnetic ])otentia] between tlie 
frame and the ])oijit midway betwcccn the two ])oh‘s on tine llcld- 
magnet. When the north ])ole is at tln^ to]) some flux will flow from 
this )iorth pole to the frame along the b(‘d-phite t o the bearings and 
back through the sliaft. When the south pole comes to the top the 
direction of the flux will be revemed. This reverse,1 of the flux itself 
iwoduces an eddy-current in the sluift, whose (dleet is consid()red 
on page 131), but when the maciiine is stationary aijd the lieid- 
magnet is e.xcited we have a .])owerfidly magnetised shaft 
* which for the time being is of constajit polarity. Sometimes 
the shaft and bed-])late have a veiy great residual )nagnetism 
which has been caused by field-current having been ])asKed tlirough 
a lieljl-magnet while it was out of centre. It m.ay be during the 
course of erection, before' the (ield-magnet was ])ro])erly centred. 
This residual magnetism, if it has not been removed, may give rise 
to homopolar effect. 

(4) Magnetisation of shaft by load current. In 1).(1 generators 
generating very large currents sidlicient care is not always taken, in 
bringing out leads from a madiine, to avoid the magnetisation of 
the frame.. Whenever cables carrying very^ heavy currents are 
connected to 'dynamo-electric machines, the positive lead and the 
negative leavl should never b? separated by any magnetisable member 
so as to interfere with the symmetry of the magnetisation of the 
frame. ‘ Fig. 7!) shows an arrangement of the positive and jiegative 
leads connected tn a D.O. generator which at first sight looks innoi'ent 



137 


MISCELLANEOUS TROUBLES 

enough, but if each of these leads can|jed 2000 amperes, we should 
liave a ma^ieto-motive force of 2000 ani])ere-turns tlirovVn upon 
tjie magnetic circuit, consisting of the shaft. ' 
bed-plate, and pedestal. This magneto-motive 
force might be quite sutlicient to cause trouble 
with the journals. ' 

It is quite a common practice to ('(umect 
all the series coils of a D.C. giuierator in 
series and then to connect the Iasi coil to 
the terminal. Where this is done the load 
current of the machine makes one com¬ 
plete turn around the shaft and may e.xert. a very considerable 
magneto-motiv'e force on the shaft-])e(lestal-frame magnetic circuit. 
All machines generating a very heavy current, should have their 
series coils divided into two groups, (tne of which is magnetised by a 
current going one way roiuid the shaft a/id the otiu'r by a current 
going the other way round. *ln cases where it is known that, the 
commutating-pole current will l)e substantially the same as the 
(airrcnt in tlie series coils, it may be sulliciimt to j)ass the current 
o)ie way round the shaft when going thi'ough all the series coils and the 
other way round the shaft when going through the. commutating 
pole coils. Wliencver a D.C. niaihine e.xhibits evidence of having 
a jnagnetised shaft, a close ins])ection should be made oi all the mai)i 
connections and series coils to see ii then; is any tlireading oi a positive 
current through the shalt-pede.stal-lrame magnetic circuit which is 
not counter-balaiu'cd by tlu! threading of a negative current, fsome- 
times a juachine which generates oidy a coni])aratively small cuireuf. 
on normal haul jnay e.xhibit very heavy remanent magnetism in the 
shaft-])edestal-frajne magnetic. < ircuit, this remammt magnetism 
having been produced by an exceedingly heavy current \\hi<’h flowed ' 
for only an imstant, wlum the machijie was short-circuited at s(.me 
, time in its history. Sometimes the jutting observed in bearings is 
* only piXKluced at the instant of very heavy short-circuits, which 
ocemr from time to time on a traction gemuatqr. The.se heavy 
currents on short-circuit may have very destructive effects in ball 
bearings. 

(2) Transformer effects. 

There arc many ways in which an electro-motive force may be 
set up in the journals or bearings of a generator by what are here 
called “ transformer effects ” in default of any other’namc of suili- 
ciently wide significance. 'J'he elements which enter int« the pheno¬ 
mena falling under this heaebng arc : («) An electric circiut consnsting 
of the shaft, two pedestals and a bed-plate, as in h ig. 80; (h) a magnetic 
circuit tlireaded thrjough circuit (a); and (c) a changing magnetp- 
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motive force which causes q varying flux in the magnetic circuit 
(6), thus giving rise to an e.m.f, m circuit (a). There are very 
many circumstances which can supply these three elemente. 
It will only be possible here to poiht out some of them. 



(6) A fairly well known case is the case of the split in the stator iron 
of a revolving field-generator, the action of which is illustrated in 
Fig. 81 ajid Fig. 82. WKen the 4-pole field takes up the position 
shown in Fig. 81, the centres of the north poles being opposite the spbt 
in the stator iron, flux from the poles divides in a symmetrical manner, 



Fia. 81. Fra. 82. 


and it cannot be said that there is any flux threading through circuit 
(o). When, however, the field-magnet gets into the position shown 
in Fig. 82, thd reluctance of the split in the stator iron causes more 
of the flux‘ between the north and south poles in the lower part 
of the machine to return by the lower half of the stator than returns 
by the parts of the stator containing the split. We therefore have 
momentarily a change of flux occurring in circuit («). The per- 
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centage of flux causing the dissyniii|etry may be extremely small 
expressed as a percentage of the whole flux “bu^ on a b'ig turbo- 
.generator having many mega-lijies per pole the unsymmetrieal flux 
is sufficient to generate quite enoligh k.m.v, in the circuit («) to cause 
bad pitting of the journals. . 

(6) Unsymmetrieal position of fleld-ma^et. The same kind of 
effect as that desciribed in the last paragrajth can l)e praluced through 
having a field-magnet mounted in an unsymmetrieal jxisition, 
especially when the ampere-turns on the stator core are fairly great. 
Fig. 83 shows a field-magnet mounted so that the air gap at the 
bottom is less than the air gap at the to]). This dissymmetry brings 
about two sources of e.m.f. in the bearings. In the fiijst place there 
is a difference of magnetic ])otential between the centre of the shaft 
and the external frame. Wlien tlie fi(>id-magji(‘t is mount ed centrally 
both should be at‘zero magneti)' ])otential; but if llie 2-pole field- 
magnet shown in Fig. 83 has its north ])ole moved nearc'rto the stator 
iron than the south pole, the magnetic jxitential 
of the whole frame will be I'aiscd above the 
potential of the centre of the shaft ajid flux will 
ilow through the bed-plate, along the pc<lcstal 
and back by the shaft. When the lield-magnet 
makep a half revolution the south pole comes 
nearer to the stator iron than the )iorih ]>ole. 
so that the flux will now flow from the shaft 
in the opposite direction through the peilestal 
and back by the b(Ml-])late. Then* will be a tendency for 
the flux to alternate as the lield-magnet revokes. 'I'he mef»l 
])arts through which this flux can flow are solid, and an alternating 
flux cannot be produced in them without setting up heavy eddy- 
currents, which oppose the flow so that the effect of the unsymmetrieal 
mounting is to create in the shaft and bed-plate eddy-currents whose 
magneto-motive force is almost^ equal and opposite to the magneto¬ 
motive force set up by the uns}mnnetrical mounting. In addition 
to this effect there is a tendenc.y, when the axis of the north and south 
poles becomes horizontal, for the total flux in the lower half.of the 
frame to be greater than the total flux in the top half, and'as the 
south to north pole axis altm-nates in its position, this unsymmetrieal 
arrangement of the flux sets up a transformer e.m.f. in the (a) circuit. 
This second effect is produced whatever the number of[)oles, but is 
more marked when the poles are few than when it is^great. 

(7) Momentary heavy current. Where the leads to a generator 
are so taken away that they embrace the (b) magnetic circuit, a very 
heavy current, such as may occur when the generator is short- 
circuited, ivill as it rises induce an e.m.f. in the (a) electrib circuit. 
This sometimes happens in the case of a rotary convertor feeding a 
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traction load. A short-circuit may occur on the traction system, 
causing a' great rph of current from the rotary amounting to many 
tliousands of amperes. This creates a changing magnetic field, 
which embraces the (a) circuit and fcauscs a current to flow from the 
journals to the bearings.,' In.the case of rotaries on ball bearings 
on a ccrtaiji traction system this effect so repeatedly ruined the 
ball-race that other bearings were substituted. The right remedy 
is to insidate the pedestal of the bearings so that the current cannot 
flow (see page U.f). 

( 8 ) Hemitropic windings. If we luive a single-phase machine 
in which the coils !w:e hemitropi(! * any current in the armature coil 
sets up a mag/ieto-motive fonte whi(h creates a difference of magnetic 
potential between the centre of tlu! shaft and the outside frame, and 
an action is set up similar to that considered in the last paragraph. 

(9) Break-joints in iron of revolving armature'. Hometinies the 
break-joints in armature iron produce very (jomplex effects that are 
difficult to fathom without a long investigation. WJien armature 
iron is built up in sectors it is not uiuannmon to have a g.a]) of .J./ 
between two sectors that lie in the sajiie layer, and although the 
alternate layius an; arrajiged so as to break joint the total reluctance 
of the joint is much higher than tlu^ reluctance of other ])art)S of the 
armature core. As long a.s the saturation of the iron is simijl the 
reluctance of tiie joint is negligible, becaiuse the half section of iron 
in the joint is easily able to (errry the total flii.x. When, however, 
the flux is increased up to the saturation point, the half s(‘ctio)i of 
iron in the joint becomes super-saturated ajid the reluctaja e of the 
j(f(nt is by no meajis negligible. TJie e.xi.stem'c of a dilference of 

magnetite potential between the tw(, sides of a 
joint in an .armature can be demonstrated by 
means of a ])iec(' of soft iron bent into the foi'in 
of a horse-.shoe as shown in Fig. 8-t. It is 
often imssible to get at the inside of the 
pumdiingsof an annature through the o])enings 
in the spider. If iji one of these o])enings we 
can find a place wluvre a break-joint a])])eai's, 
we may place the little horse-shoe with its 
flat ends against the armature iron and arrange it so as to bridge 
the joint. We now pass cuiTent through the fiehl-magnet. it 
will be found that the horse-shoe will not stick on to the armature 
iron for low excitations of the field-magnet, but if the excitation is 
increased up to a point sufficient to cn^ate a flux of 10,000 or 11,000 
linos iKsr sqitore centimetre in the armature iron, the horse-shoe will 
bo attracted and stick to the armature iron. It is convenient when 
trying this experinunt to attach a string to the centre of the horse- 

• ^eeSpi'cifMUioH and Design of Dijnanu) Klcdric Ma(hineriJ, n. 8ft 
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shw to prevent it from falling into thftiuiU'liinc. If the flux density 
is increased to 2i=12,000or the pull on the horso-sJioe imiy 

become quite considerable, 'flu* amount of the iitill depends upon 
the width of the air gap between ptinehings lying in the same 
layer. 

The magneto-motive force reiiuiretl to'drive the llu.x aennss the 
joint may in some cases be so considerable as to drive the llu.x into 



[I 

IJ 


KUJ. 80.—Sliowitig /’ joints ami V joints in adioji a( (hr stum* (iiijr. 


the east steel oii(!-])lates o{ the armature which utluu'wise would m»t 
cany s» miicji llii.x. If now tlie number of Iireak-joints beam a 
certapi relation to tlie nuniljcr of ])oles. vmy mysterious n.M.K.'s 
may be set up in the {a) circuit. The relation between the number 
of joints and the numher of pairs of jioles which may cau.se trouble 
in this way will be understood l)y reference to Figs. St! anil 87, in which 





Fill. 87. Show in;; /’joints only in tictiun. 




the joints in the ])unchings are indicated by dotted lines. Those 
joints which luivc a north on the left side, and a south on the right 
are marked P and those which have a south on the'left side anil a 
north on the right are marked Q. Those which are not iKitw'een poles 
are not marketl. When a P joint travels from right to left there will 
be an eddy-current in the end-])latc opposing the gronih of flux 
in it, that is to say, it will be a current flowing up the front side .of 
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the end-plate and down the ipide as shown in the side projection. 
Opposite'the Q joints tliere will be an eddy-current flowing in the 
opposite direction. If at any instant there are as many P joints, 
as Q joints, the sum of all the eddy-currents in the end-plates will 
not exert'any resultant magnejo-motive force around the whole end- 
plate, regarded as constitutijig the magnetic-circuit (b). If, liowever, 
there are at any instant only the P joints in action there will be a 
resultant magneto-motive force around the whole (b) magnetic- 
circuit,, and there will be a transformer action betweeji this eddy- 
current and the (a) circuit. Let the highe.st common factor of the 
number of poles and the number of breakjoints be denoted by F. 
Then if the quotient obtained by dividing tlie nuiybcr of poles by F 
is odd, we will find that the P joints are always balanced by the 
Q joints.* If the quotient is even the P joint and Q joint come 
into operation at dift'erent instants, and therefore do not balance. 
For instance, if we have 12 poles and 8 breakjoints, F- 4; 12 -r 4=3, 
which is odd. I'his arrangement gives no resultant magnetisation 
around the (b) circuit. If we have 8 poles and 12 breakjoints, 
F=4; 8 :-4 -2, which is even. This arrangement is illustrated 
in Fig. 87 (b), from which it will be seen that the F joints only are 
in action on the position shown. When the armature has moved 
through one-third of a pole-pitch, only the Q joints will be in 
action. We shall, therefore, have an alternating elfect set up 
in the («) circuit, the frecpiency of which is three times the 
frequency of the machine. A case of this kind arose in the 
author’s experience on an 8-pole II.O. generator, which had 12 break- 
joints in the armature iron, that is to say, 3 joints per pair of poles. 
When the imwdiine was fidly excited and run at no-load, a heavy 
current flowed from the shaft to the bearings, and viee versa, whidi on 
' investigation proved to be an alternating current having three times 
the frequem'y of the ma,chine. The (mrrent entindy disappeared 
when the saturation was low. It was veiy weak at low stages of 
saturation, and only became serious when the flux density in the core 
reached the value of 12,000 c.o.s. lines per square centimetre. It 
was found ])ossil)le to make a little horse-shoe of soft irojrsti('k on 
the core as described on ]). 140, when the field-magnet was fully 
excited. This particular armatiu'e was built with heavy cast steel 
end-plates. Apart from eddy-currents in the end-plates, when 
the conditions illustrated in Fig. 87 hold, there will be an alternating 
flux in the (b) circuit generated in the manner described with reference 
to Figs. 81 and'82. 

s 

* Another way of tlio inatU'i' is as follows. If thr numln’r of |H))e« ilividifl by 

the number q! joints is equal to one of the following nunibrrs, 1, 3, 4}, 5, then 

tho P jointa ami Q joints will balance. This series of numbers contains all the odd numbers 
and nil the ckUI and even numbers plus one half. 
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Method of investigation. 

The plan of procedure when we wisji to find out the cause of an 
e4dy-current in the shaft i.s in the first place to find out e.xactly the 
conditions under which it occurs and secondly to find out the exact 
nature of the current that is flowing. Jn investigating the I'ircuiu- 
stances under which it occure, we have to iJe on our guard against 
multiplicity of effects, It is quite common for a slii ft to be magjie- 
tised and to have a slight homopolar effect which is doing no haiin 
and which would pass unnoticed if it were not for another efiVct 
which only occurs under spetial conditions. AMien we begin to 
hunt for the cause of the eddy-current, say by running tlic machine 
at no-load and connecting a milli-voltmeter from the s^jaft to the 
bearing, the innocent homopolar effect gives us an indication of a 
continuous voltage which we may mistake for the cause of the 
trouble. While the low reading voltmeter is a more convenient 
instrument to work with than an ammeter, its indications in investi¬ 
gations of this kind must be taken with all due caution. The re¬ 
sistance of the fdrn of oil between the journal and thi' bearing is 
generally an unknown quantity, and therefore a reading of the voltage 
between the journal and the bearing is not a very <'e)tain indication 
of the extent of the effect that we are investigating. It is, however, 
convenient to begin with a low-reading voltmeter and to nin the 
machind unexcited and see if there is any voltage, difference between 
the journal and the bearing. We shall generally find a few milli-volts 
due to accidental magnetisation of the shaft. Now (?xcite the field- 
magnet fully and see if the reading of the voltmeter is increased. 
If we have a large increase of D.C. voltage we have, ev idence of th(v 
existence of qne of the effects described on pj), 134 and 130. If 
there is no increase in the D.C. voltage, take a low reading AX'. 
voltmeter, and try again with the machine both excited and un¬ 
excited. If there is an A.C. voltage it, is evidence of one of the effects 
(6), (6), (7) or (8) described on pp. 138 and 140. Novy make arrange¬ 
ments for connecting an ammeter between the journal and,the 
bearing. This can be done by cleaning out, the centre-point at the 
end of the shaft so that it is perfectly free from oil, and arranging 
a clean copper gauze brush in the form of a cone so that it can be 
forced jnto the centre-point and so make a very low resistance 
contact between the shaft and the cable which is carried to the 
ammeter. The other cable from the ammeter should be. screwed 
down under one of the bearing bolts. IJoth a IhC. ammeti;r and an 
A.C. ammeter should be tried, the impedance of the anmieter circuits 
being kept as low as possible. This will tell us whether the current 
is D.C. or A.C. and give us some rough idea of its amount. We can 
never, of course, be sure what fraction of current goes through the 
ammeter and what through the bearing. Sometimes the current will 
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amount to many hundreds <|f amperes. The ammeters will give us a 
very gljod idea^ of the circumstances under which the current flows, 
and the state of the excitation and the condition of saturation and 
load at which it becomes increased. We shall sometimes find that 
there fs a considerable* D.^. flowing all the time even when the 
machine is unexcited, but that it is only under certain conditions that 
a large alternating current is superimposed upon this. If the data 
thus obtained do not make the cause of the phenomenon sufficiently 
cleur, the next step is to find out the frequency of the alternating 
current. This can be done by means of an o.scillograph if there is 
one available. l,f no oscillograph is available we can make a thorough 

investigation of the frequency and phase 
of the alternating current by means of 
a contact maker mounted on a shaft and 
the arrangements* of connections as 
sliown in Fig. 88. A temporary contact 
maker which works sufficiently well can 
be made by turning up a wooden collar 
split in two halves to fit around the shaft 
as sliown in Fig. 88, and held in position 
liy a tightly wound band of copper wire. 
Tliis band is sweated to a small strip of 
copper let into the wooden collar. A 
small brush is now arranged on a rocking 
arm to make contact with the strip when 
it passes and another brush is arranged 
to make ))ermanent contact with the 
copper band. The connections to this 
contact maker arc shown in Fig. 88. Two resistances, fed from a 
source of continuous current, preferably a battery, are arranged 
as a potential divider, and for each position of the rocking brush the 
potential divider is adjusted until no deflection is obtained upon the 
galyanometcr Cf. 'I'lie reading of the voltmeter F is then a measure 
of the difference of iiotenfial between the journal and the bearing 
at (he instant when the contact maker, is passing the brush, liy 
rocking the brush the wave form of the potential difference can be 
mapped out. In cases where a fairly large alternating curipnt can 
be obtained from the shaft we may use the contact maker to plot 
out the wave form of the alternating current by balancing the drop 
of pressure in an ammeter shunt. When we have discovered the 
exact conditions under which the current flows, the frequency of 
the current and its phase in relation to the position of the poles, 
and any other feature of the machine liable to set up an e.m.f. in 
the shaft, there usually will be very little difficulty in assigning the 
, true cause. 
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Cure—Homopolar effect. 

Permanent magnetisation of the shaft is rarely siffiieiently severe 
M set up an injurious current by.homopolar eilecl. If, by reason 
of some marked dissymmetry, the magnetisi.ition of the shafLis ver}' 
severe, the right cure is to get rid of tlrt‘ di.s.svmmetrv. Sortietinies 
the homopolar effect only occurs at instants of sliort-circnit of the 
machine, and the causes of short-circuit can gtmerally be ivnioN cd. 

Transformer effect. 

A transformer effect arising from a (lissymuietry can be cured 
by the removal of the dissymmetry. Cause's (o), (8) ami (D) are 
difficult to remove. The course generally adopted is to iusidate the 
pedestal of the bearing so as to make a break in the («) circuit. This 
is a ver}' effective method of stopping the flow of the current in the 
shaft. In insulating the pedestal it is of course! necessary te» insidate) 
the holding-down bolts, and where the k.ii.f. ])re)elucing the e-urrent 
is fairly high, any oil-supplying j)i])es sheadel idso be* insuhtted. 
It is sufficient te) insulate one pedestal. 


. . MECHANICAL DEFECTS. 

The following mechanical defects nuiy eeccur in either .A.C. or C.C. 
generators or motors, and shoulel therefore be e'onsielereel in this 
chapter: 

Defective supporting fingers. 

The finger-plates that are used to support the laminations of 
the teeth at the ends both of the stator and of the rotor of dynamo- 
electric machines must be carefully designed if they are to perforin 
their function properly. A very considerable jiressure is required 
to keep the laminations of the teeth so tight that they do not vibrate 
laterally. Sometimes, during the process of pressing up the lamina¬ 
tions, the fingers of the finger-plates are bent outwards; and when 
the pressure is taken off, the laminations of the toeth are so loose 
that they can vibrate under the magnetic forces that come upon 
them during the operation of the machine. Although the amplitude 
of the Vibration of the laminations may be small, the frequency is 
so high that the metal may become fatigued and the laminations 
may break off one by one. The breaking-off of a laimnation upon 
a single tooth may lead to very serious trouble, for i^ imiy catcli 
against the edge of a pole and be driven through the insulation. 

Tfie looseness of the punchings may arise either from the fingers 
having been bent by some accident or by a finger being orginaly 
too weak in design. Another cause sometimes occurs on machines 
whose larriinations consist of a number of sectors held m dovetails 
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in the frame. If the di^vetails have not been machined with 
suflScient accuracy, it may be that when the laminations are built 
up they take a wavy formation; so .that while some of the 
fingers, may be pressed with undue pressure against the crest of 
a wave, other fingers,'in the trough of a wave barely touch the 
laminations. 

An armature core loose on one side and tight on the other can 
occur through defective rolling of the sheet iron of which it is built. 
A big sheet may be thicker in the middle than at the edges. If now 
each sheet provides two circular punchings these will be thick at 
one point of the circumference and thin at a point diametrically 
opposite. , A case of this kind was brought to the attention of the 
author where by some unlucky chance most of the punchings had 
the keyway punched in the same position relative to the thick 
part. As a consequence the core was very tight at one point and 
very loose at the other. Attention was drawn to the matter on 
account of the large balance weight required to balance what was 
thought to be a perfectly symmetrical armature. 

After a machine is erected and before the rotor is put in position, 
all the teeth should be inspected to see whether the punchings are 
properly tight. If there is any sign of looseness, .the defect must 
be remedied. 

Cure for loose tooth laminations. Where the finger-plates have 
been designed with sufficient mechanical strength and the looseness 
is due to some such accident as above described, the laminations 
may be tightened by driving in a number of liardwood wedges 
cut so as to have a width almost equal to the width of the tooth. 
These wooden wedges should be driven well under the w'orking face 
of the armature by a drift, and positively prevented from coming 
out by bending over and bruising the edges of the laminations 
flanking each wedge. Each wedge should not be more than 0*05 inch 
thick. Another plan sometimes adopted is to pack a mixture of 
plaster-of-Paris and shellac varnish, mixed to the consistency of 
paste, between the punchings; this can be driven in by means 
of a blunt knife. 

Where the fingers are of insufficient mechanical strength, new 
fingers must be inserted. This is sometimes a very expensive 
matter. It can sometimes be done without rewinding the inachine. 
Any attempt to fix new fingers without removing the end-plate 
must be mpde on the soundest mechanical principles, for if one of 
the fingers should come loose the winding will probably be destroyed. 
In cases "where a number of tooth laminations have already broken 
off, t^ space should be filled with a fibre block fitted so as to preserve 
the pressure upon the laminations flanking it, and secured in a 
thoroughly good mechanical manner. 
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Ventilating Ducts. 

It sometimes happens that a ventilating platr, intended to 
preserve a space between laminations so as to form a ventilating 
duct, has not sufficient mechanical strength and gives wa^ under 
pressure applied to the punchings. In* these rases it is finW. of all 
necessary to consider whether the ventilating duct is needed for the 
operation of the machine. Sometimes an armature runs quite cool 
enough without ventilating ducts; then all that need he done is 
to see that the crushing of the ventilating plate is not leading to 
any other mechanical defect. In cases where the machine is not 
cool enough and where it is not possible to provide sufficient ventila¬ 
tion without the ducts, there is no alternative hut to rebuild the 
armature with new ventilating plates properly designed. 

Sometimes in induction motors having very short air-gaps, the 
ventilating ducts in*the rotor and stator, which were intended to 
be in line with one another, are through defects in building not in 
line. If the ventilation of the machine is .seriously interfered with, 
owing to the inability of the air from the rotor ducts to get along 
the air-gap in sufficient quantity, the defect can sometimes be 
minimized by grinding off the edges of the punchings flaiiking the 
ducts, so .as to.make the air-gap a little wider just at that part. 
Where the laminations are built up of segments supported by the 
dovetails, and the dovetail grooves have not been accurately cut, 
a wavy shape may be given to the ventilating ducts, which leads to 
a slight increase in the iron loss. It is very difficult to remedy 
such a defect without rebuilding the whole machine ; but it may be 
mitigated by a judicious grinding-off of the corners of the iron on 
the crests of the waves. 

Loose punchings. 

An armature core consisting of complete rings built on a shaft 
or a .spider should be designed so as to liavts a very tight lit on the 
shiift or spider. The laminations should be keyed in a very ))ositivc 
manner so that there is no danger ol the shearing of the metal. 
It sometimes happens that the design or manufacture is not satis¬ 
factory in this respect. When the machine is uj) to sjieed there 
may lie evidence that the armature core is loose on its suppoit. 
In the case of an induction motor having a short air-gap, the move¬ 
ment of the punchings may lead to a dis.symmetry in the gap. In 
the case of C.C. machines, the looseness of the core inay lead to 
relative motion between the conductors and the coinrnutator, 
and even where the keying of the punchings is satisfactory, the 
rapid bending of the conductors at the commutator necks may 
result in fatigue of the metal and ultimately in open ciniiiw. If 
the key i» not strong enough to hold the core in place, the whole 
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winding may be destroyed^ through relative motions between the 
core and the qommutator. Sometimes a core may be fairly tight 
when cold and stationary; but the combined action of centrifugal 
forces and rise of temperature nlay make it loose enough to cause 
trouble- ’ 

A loose core can sometimes be tightened without rewinding the 
machine by drilling holes between the spider and the punchings 
and driving wedges into these holes. 

Defect in bolts holding the core. 

On many machines the pre&sure on the core plates is maintained 
by means ,of bolts. These bolts must be insulated witli insulation 
that is mechanicaTy extremely strong. Cases have been known* 
in which the vibration of the machine set up vibration in the bolts, 
and as the natural period of vibration of the latter Iiappened to 
correspond with the period of the impressed vibration, resonance 
was set up (see page 124) which resulted in the breaking down of 
the insulation of the bolt notwithstanding its very substantial 
nature. To avoid this, the frequency of vibration of the bolt should 
be roughly calculated, and care taken that it does not (.‘orrespond 
with the frequency of revolution or of the passage of the,poles. It 
is best to have the frequency of vibration of the bolt liighcr than 
that of any impressed vibration; but this may not always be 
possible. If the bolts and tlieir instilating tubes are a tight fit in 
their holes, the vibration will be better damped tlian if they are a 
loose fit. 

Loose spider. 

In a cast-iron spider sometimes there are internal stresses set up 
when it is cooling after being .cast. If these stresses have not been 
relieved by annealing, they may result in cracks in the spider arms; 
or, where sufficient allowance has not been made for the press lit in 
thejjoring out of the central boss, the whole spider may become loose 
on the shaft. This is an accident that not uncommonly occurs with 
the.spiders of commutators; and it may lead to very troublesome 
looseness of the whole commutator, the reason of which is not always, 
apparent at first sight. If the spider arms are perfectly sound, the 
spider can usually be tightened by means of keys. 

Insufficient support of insulation. 

Most of'"the insulating materials used in the construction of 
dynamo-^iectric machinery have very poor mechanical properties 
and cannot always be relied upon to support even their own weight. 
This is particularly true of all materials held together by gums and 
•Sec Engineering, IStb Feb. 1921, p, 198. 
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varnishes, such as built-up mica. Wfierever built-up mica tubes 
project from slots, the projecting part should be taped with linen 
or cotton tape, the ends of the tape being properly secured by sewing 
or other permanent mechanical means. Where inicanite ^vashers 
are used to insulate field-coils, some auxiliary support such ns tape, 
judiciously wound around the micanite, is necessary in order to ensure 
that flake’s of mica shall not be frayed out and come away piece by 
piece. In high-speed rotors it is well to protect the slot insulation 
of all ])arts where the insulated conductor crosses a ventilating duct. 
In turbo field rotors this is .sometimes done by lining the slot with a 
thin cell made of tinned iron, which not only prevents the insulation 
from bulging out into the ventilating duct and cracking itself on the 
corners of the duct, but also protects it from the bond)ardment of 
small particles of dust that pass through the rotor at great speed 
and may in time damage it. 


Loose coils. 

I’he field-coils of C.C. machines and synchronous converters 
should always l)e secured so firmly that there is mj chance of their 
becoming loose under the action of vibration and high temperature. 
If a fiehU-oil is.loose, it may be that constant movement will wear 

through the insulation and cause a fault. 

Where armature coils are not very well secured m therr slots, 
there mav be a relative movement between the coil and the core, 
which endangers the insulation, and may lead to the breaking of 
copper connecting leads through vibration and fatigue. 


Causes of breakdown of insulation. 

It is not proposed to deal with this matter fully in this book. 
The many possible cau.ses of failure arising from defective design, 
defective construction, defective material, ill usage, relative motion 
between parts, vibration, abrazioii, overheating, dampness or dirt are 
sufficient to form the subject matter of a large volume. Ihe reader 
is therefore referred to the text books * on the subject. 

It may be of interest to mention a cause of breakdown whioli at 
first sight appears to be very innocent, but which nevcrthel^ may 
be veiy treacherous. If by any chance a inmiite iron fahng finds its 
way to the inside of a micanite tube, forming the insulation of an 
armature coil, it may cause the ultimate breakdown of the tube. 
Turbo generators arc often wound with a single conductor per slot, 
and though it may be nece,ssary to laimiiate the conductor in order , 
to reduce eddy-currents in it the voltage between stramfs is not so 
high as to call for scrupulous care and cleanliness in insulating the 


Turner 


•Fleming and Johnson. Imuhlivn and (Ix-ngmana) 

mer and Hobart, Imakikon of Kkc’rical itachwn (Whittaker). 
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various strands. A half sti(?ky mass of insulated strands can easily 
pick up an iron^filing from a bench and the conductor may be placed 
in its insulating tube without the filing being noticed. All may be 
well if .the filing is so embedded m sticky compound as to remain 
immovable, but Hit becomes free it will vibrate and rotate under the 
action of the magnetic field produced by the combined action of the 
current in the conductor and the main magnetic field. 

This usually constitutes an elliptically rotating field which in big 
turbo generators may attain a maximum intensity of about 1500 
c.o.s. units. 

Experiments made with the direct intention of investigating this 
matter have demonstrated that a rotating field hifving a maximum 
intensity of not more than 200 c.o.s. units is sufficient to keep a 
minute iron filing spinning on its bed of mica. If it spins it wears 
the mica and in time may make a hole right ‘through it. In one 
experiment a filing weighing half a milligram rotating in a field of 
COO (;.G.s. units drilled a cavity more than -02 cm. in mica in the 
course of four hours. It is known that holes have been drilled right 
through micanite tubes 3 millimetres in thickness in the course of 
several years’ service. The rotating filing seems to be the most 
likely cause. It would appear that a filing inside the tube is very 
much more dangerous than a filing outside the tube, becaui^! when 
inside it is kept up against the mica by the attraction of the iron 
teeth, whereas if it is outside it sticks to the teeth and cannot do 
more than make little pock marks. These pock marks have often 
been observed on the outside of micanite tubes. They are more 
* likely to be due to iron filings than to electrostatic discharge. 

Another possible cause of breakdown of insulating tubes is the 
movement of the individual conductors within the tube. In cases 
where the conductors have not been sufficiently pres.sed together 
and secured, the electro-magnetic forces upon the conductors may 
be sufficient to keep them in constant vibration when the machine 
is on load. This may lead to a wearing away of the mica and the 
ultimate breakdown of the tube. 

NOISE. 

The noise made by a machine may arise from a source which is 
either (a)'magnetic, (b) mechanical, or (c) pneumatic. 

(a) Magnftic source of noise. It is easy to tell when a sound 
has its origin in some magnetic cause, because it is not produced 
when the machine is running at full speed and is unexcited. It may 
be that^the sound comes on as soon as the exciting current flows or 
it may 1>3 that it is not until load comes on that the noise is very 
serious. 
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The araatm teeth of D.C. generatcrs or motors very often set 
up vibrations in the horns of the poles, and in the teeth themselves, 
by the magnetic attraction between the comers of the teeth and the 
poles as they revolve. This noise may be very loud at full excitation 
and almost die away at lower excitations. • It commonlv increases 
as the load increases, owing to the distortion of the field amf conse¬ 
quent saturation of the teeth under the trailing horns. In cases 
where it is very bad there may be some contributory cause, as where 
the natural period of vibration of the parts resonates to tl\e frcque.ncy 
of the note produced. After it is established that the noise is mag¬ 
netic the frequency of the note should be taken as explained on 
page 153, and if this corresponds to the frequency of the teeth, the 
cause will be sufficiently evident. * 

A magnetic noise of this kind can generally be cured by putting 
a deeper bevel on the pole. If the bevel is already very deep, it may 
be that the corners of the teeth are attracted by the inside comer 
of the bevel. If this is so the corner should be removed. 

The most perfect cure for this kind of noise is to skew the teeth 
or the edge of the pole shoe by exactly one slot i)itch. The skewing 
of the teeth can of course only be done wdien the armature is being 
built. Tjie skewing of the pole shoe is sometimes possible on a 
completed machine. 

The‘teeth of an induction motor sometimes hum under the action 
of magnetic attraction. The note produced may have the frequency 
of the passage of rotor teeth past .stator teeth or the passage of 
stator teeth past rotor teeth, or it may correspond to nothing at all 
inside the motor, being produced by ripples in the waive form of the « 
E.M.K. supplied to the motor terminals. In a ca.se which came to 
the knowledge of the author a certain induction motor set up a very 
troublesome noise when run from oiu' source of power, but when 
run from another source of power it was almost, silent. It was found 
that the first source of power had very marked higher harmonics of 
a frequency that set up a loud humming in the stator core.^ In 
investigating troubles of this kind the first step is to find out whether 
the noise has a magnetic origin. This can be done by running 
the motor light and listening to the noise as the circuit breaker is 
opened. If the noise stops instantly it has a magnetic origin, but 
if it subsists until the motor speed drops its origin is mechanical or 
pneumatic. The frequency of Ihe note should then be measured as 
described on page 153. When the frequency is known there is 
generally very little difficulty in assigning the cause. • 

After the cause is known it may be a very diflicult* matter to 
effect a cure without carrying out expensive changes in the con¬ 
struction. Sometimes a noise is produced by the rotor not being 
central and causing undue saturation of some of the stator teeth.. 
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This can easily be remedied. ♦ Sometimes part of the stator pynchings 
vibrates betweep the supports. It may be possible to stop this 
drilling into the frame and wedging the punchings more securely. 
Small motors which can be completely dipped and impregnated with 
ptroleiJpi residue will be found to run more quietly after being 
impregnated. Where the frequency of the note points to its origin 
being in the generator supplying the power, it may be necessary to 
remove the ripples in the supply voltage (see p. 204). 

The buzzing of punchings, when the finger-plates intended to 
secure them at the ends of the armature are not perfectly effective, is 
a magnetic noise which is not very loud, but of the greatest import¬ 
ance in giviqg us warning of a serious defect. Every erecting engineer 
should be on the -ook-out for buzzing punchings, and have the 
trouble remedied at Once (see page 146), or the loose teeth may break 
off and pierce the insidation. 

Another kind of noise may arise when one of the poles of a field 
magnet is short-circuited or partly short-circuited. This will set up 
vibrations and the consequent noise may be tlie first indication of 
the trouble. 

When one of the phases of the rotor of an induction motor is 
open-circuited it may emit a grunt having the frequency of. the slip. 
The low frequency at once leads us to suspect something in the rotor 
and to apply the tests for open circuit (see p. .36). ' 

(b) Mechanical source of sound. One of the commonest examples 
of this source of noise is the screeching of brushes on a commutator. 
The noise generally has a note whose frequency corresponds to the 
•frequency of the commutator bars. This is especially so when the 
mica has been cut out. The usual cure is to employ graphitic 
bmshes having good lubricating qualities, 'riie brushes should be as 
wide as possible consistent with good commutation. The adjustment 
of the tension of the brushes often makes a change in the noise. 
Various tensions should be tried. Sometimes the very smallest 
changes in the condition of the surface of a commutator will make 
an enormous difference in the amount of noise produced. 

The application of a small drop of oil or a touch of paraffin wax 
may silence a most noisy brush gear, but its effect does not last long. 

A highly polished commutator may make very much more noise than 
one that has been recently scratched with glass paper. What is 
said in Chapter IX. about chattering of brushes has a direct bearing 
on this kiqd of noise. A diminution of the chattering will be accom¬ 
panied by a diminution of the noise. Sometimes the noise proceeding 
from a coKiinutator depends for its loudness upon some acoustic 
resonance of cavities between the commutator lugs. In one case 
within fhe experience of the author a very noisy commutator was 
improved by fixing wings of press-spahn to the brash arms so that 
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they coyered some of the spaces bettveen the commutator lum 
though they wp J-mch away from the lugs. Np one was able 
to say why this reduced the noise. The effect was discovered by 
accident. ■ ^ 

There are many other mechanical noises, and rattlings tljat may 
occur in dynamos whose cause is sufficiently obvious as soon as the 
noise is heard. 

(c) Pneumatic source of sound. The air i.ssuing from the 
numerous openings in the ventilating plate of a rotor or between 
the ends of the conductors may form a syren with other openings 
in the stator and produce a very loud sound. The pitch of the 
note is a guide to the particular cause of the trouble. Where 
some doubt exists as to which ventilating duct or other part 
is at fiiult, we may^ adopt the plan of keeping away the air from 
the part suspected. This can sometimes lie done by packing 
pieces of cotton cloth into the inside opening of th(^ duct. Cotton 
cloth is better for this purpose than cotton waste. The latter unless 
carefully used may lead to other trouble. By a process of elimination 
the faulty part can be detected. 

If the ventilation of the machine is good enough without em¬ 
ploying the draught through the noisy part the simplest plan is to 
stop or feduce the air supply to that part. Where the draught through 
the noisy part is essential for the cooling of the machine, the matter 
may be more difficult to deal with. Kxperiments should be made to 
see if there are any cavities that are resonating to the note, in que.stion. 
It is sometimes found, for instance, that the air from the ventilating 
ducts of the rotor of an induction motor makes a loud whistling sound,' 
the note corresponding to the frequency of the rotor slots, while a 
very similar rotor placed in a stator of different construction will be 
almost silent. The difference lies in the size and shape of the cavities 
in the stator ventilating ducts. In one case the cavities resound and 
in the other they do not. Small changes in the shape of the cavities 
by the introduction of pegs of bakelized paper well secured to the 
frame may be sufficient to stop the resonance and reduce the noise. 

Measurement of the frequency of a note. 

Some experimenters have such a good musical ear that they can 
recognize the note made by a machine, and give it its nanie on the 
true scale of C. Others may be able to borrow a set of marked 
tuning forks, and recognize the note by comparison or place it some¬ 
where between the notes of two forks. When the name of the 
note and the octave to which it belongs is known, the number of 
vibrations per second can be ascertained from a table like t liat given 
below. 
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' TABLE. 


Number of vibrations per second in musical notes in the true scale of C, 
taking the middle C* at 256 per second. 


Nam^ of 
Nf)TE. 

1 

1 Fiowor OctavcH. 

[< 

Midrllo Oottaves. 

upper Octaves. 

c 

1 .... 

6t 

128 

266 

5l2 

1024 

d f)i> 

I 

67 

1.35 

270 

640 

1080 

1) 


72 

144 

288 

576 

1152 

D# E!> 


77 

153 

307 

614 

1228 

E 

to 

80 

160 

320 

6*0 

1280 

E 

t.‘l 

85 

170 

341 

682 

1.364 

d G’ 

t5 

!)() 

180 

360 

720 

1440 

a 

ts 

ilC 

192 

384 

•768 

1.536 

Gjf 

.'ll 

102 

205 

410 

820 

1640 

A 


107 

213 

427 

854 

1708 

aI H!* 

.'57 

115 

230 

461 

922 

1844 

B 

CO 

120 

2t0 

48() 

960 

1920 


Where a number of investigations have to be made into the 
frequencies of notes, as for instance in the hunt for the causes of 
disturbance in telephone circuits, the best plan is to make up a little 
high frequency alternator of the inductor type from an ordinary 
iron spur wheel. This little machine when run at different speeds 
^nd connected to a telephone will give any note required and the 
frequency of the note can be calculaterl from the speed of the machine 
and the number of the teeth on the spur wheel. In the case of 
» telephone disturbances it is convenient to connect the telephone line 
containing the note so measured in series with the armature of the 
little alternator and a telephone. The alternator is then excited to 
give a note of about the same loudness at the telephone circuit, and 
the speed is changed until almost perfect synchronism of the two 
notes is shown by the slowness of the beats. 





CHAITKR V. 

ON THE USE OE VEOTOJl OIA(;UAMS. 

Only u small proportion of erection and trouble e}igineers make use 
of vector diagrams’wlicn attacking alternating-current ])r(d)lenm. 
The reason appears t(j be, that tJiey have not enough conlidence in 
tlie answer they get when they use these diagrams. If we eiupiire 
further into the want of coniideiu’e in the result, we shall find that it 
is generally caused by uncertainty as to the direction in which the 
various vectors shall be drawn ; this is cs])ecially so in the case of 
poly])hasQ diagrams. It is so important to anyone who wishes to 
uniierstand a p')ly|)hase problem that he sliould be able to construct 
vector Hiagrams with the certainty ol getting a correct result, that 
the author has thought it worth while to introduce here a few hints 
that he has found usefid, in the hope that they may prove useful 
to others. . . , 

Doubt is sometimes expresse<l U])on the a])plicabihty ot thci 
vector diagram to the representation of alternating currents an<l 
voltages that do not follow a sine law. Dr. \V. I‘j. Suitipner has 
shown * that the ves tor diagram is a])])licable to repr(!sent alternating 
quantities that do not follow a sine law. 'i'he length ot the. vector 
that is taken in any parti(udar case, may represent to .scale the square 
root of mean square (or virtual) value ot the quantity under^con- 
sideration ; and the phase angle,'/), betwe(m a voltage and a current 
can be defined as the angle whose cosine gives the ratio betweep the 
true power as measured by a wattmeter and the apparent power 
obtained by multiplying the virtual value of the voltage by the 
virtual value of the current. The reader is referred to Dr. Sumpner s 
paper for the proof of this import ant projjosition. I) rom the practical 
point of view it is sullicieiit for the engineer to recognize that he can 
measure the virtual volts and amperes on alternating-i^rrcnt instra- 
inents, thius obtaining the apparent power; and can measure the 
true power on a wattmeter, tlius obtaining the power factor, or cos <p. 

•Proceedings of Roijd Societi/. 1897, vol. 61, i>. 45fl: also Ji/urml P.S.S., 1902, 
vol. 31, p. 630. • 

I.Vi 
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hence the angle <j) is deSded independently of any question as 
to the \rave-foim of the volts and amperes, or of the relative 
times at which they reach their maximum values. In defining 
the phase-angle between two currents, it is only necessary to find 
by a wattmeter the diff^renee of phase lietween each current and 
any given voltage; then the diffej-ence between the phase angles 
with regard to the voltage is the difference of phase of the two 
currents. 

If we are to be able to state with certainty in what direction any 
particular vector shall be drawn, and to inteipret the final result 
to which our vector diagram leads, we must not fail to draw in the 
first instance a circuit diagram, and to attach suitable arrow-heads 
to it. By a circuit diagram is meant a plan of the conductors making 
up the circuit or network under consideration ; each line of tlie 
diagram representing a conductor having attached to it an arrow-head, 
which defines the direction taken as positive along that conductor. 
Before one can make any intelligible statement as to the full meaning 
of a vector, one must fix one's mind upon a particular conductor and 
see what direction along that conductor one regards as positive. 
It is possible to obtain a correct solution of an alternating-current 
problem, whatever direction we take as positive along any of the 
conductors under consideration; that is to say, it is not necessary 
to adopt a symmetrical system of placing our arrow-heads : but if 
we are wise we shall always choose a symmetrical system, because 
by so doing we are much less likely to make mistakes. 

In giving some examples of the use of circuit diagrams and 
'"vector diagrams, it will be well to begin with the very simplest 
case. 

ExAMPnK 1. Single-phase simple circuit. 

Fig. 89 is a circuit diagram repi'esenting the simple circuit of an 
alternator connected to a resistance and choke coil. An arrow- 

- mm — 

—O - 

Fio. 89.—Circuit Diagram. 

head has been fixed to the diagram, which points around the circuit 
in a clockwise direction, in this case the direction is perfectly 
arbitrary : we could work equally well rvith an anow-head pointing 
in a counter-clockwise direction ; but, the arrow-head having been 
once fixed, the vector diagram shown in Fig. 90 has a perfectly 
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definite meaning. Two vectors, OF anfi OA, are .supposed to revolve 
about 0 in a counter-clockwise * direction. 

. It is necessary to know the scale 
on which the vectors are drawn. 

According to the original conceptioi\ . | , 
of the vector diagi'am as a represen¬ 
tation of an alternating quantity, tlic 
length of the vector repre.sent.s tin? 
maximum value of the quantity in 
question; so that when it is rotated 0 
about its centre, making one revolu¬ 
tion per cycle, its projection upon 
the vertical gives to scale at eadi 
instant of time the instantaneous 
value of the quantity. If, for in¬ 
stance, the alternator (Fig. 89) gc)\e- 
rates a voltage 423 sin W. we miglit 
adopt the scale 1 centimetre'A00 volts, and draw the line 01' 4-23 
(uus. long to represent the maximum of 423 volts. Tlicn it we give 
the vector OF an angular speed of «i about 0, the projection of OF on 
, the vertical wijl give at ea(4i instant of time the instantaneous value 
of the generated vfiltage. For the pract icid use of vector diagrams, 
however, it is only rarely that we wish to know the instantaneous 
value ; we are mainly concerned with the virtual values of the 
quantities and with their ])hase relations. It is therefore more 
convenient to let the vector represent to S(’ale the virtual value of 
the quantity ; so that the voltage in Fig. 89 would be n'presented* 
by the vector OF in Fig. 91, which is 3 cms. long, lo arrive at 
instantaneous values, we nmst then multiply the projtsction upon 
the veitical by V'2- The vector OA may represent 150 amperes 
virtual lagging by 30“ beliind the voltage, the scale being 1 cm. 
100 amperes. It is sometimes convenient to draw thick lines for 
cuiTent and thin liiu^s for voltage ; other convenient methods may 
be adopted for distinguishing lictween different kinds of quantities. 
We now come to the question ol the arrow-head in big. 8R. it 
must be remembered that when w(i make a statement to the (‘ffect 
that F=423 sin ut. the time I in sc.onds is supposed to lie measured 
from a certain datum instant; and at this sa,me instant the vector 
diagram is supposed to start from the ])osition shown'in tig. 91. 
fjet the frequency/ --SO; then «’ 2ry--314 radians jier second. 
In ,,}^th of a second after the fixed datum, the flock diagram 
will hav'o moved through one radian and have arrived at the position 
shown in Fig. 92. The projection, then, of OF and OA ijipositive 

• The counter-clockwine direction f<ir the rotation of a vector diagram i.hs liecn fired 
by the International Electrotechnif-al Commission. 
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in both cases; that is to say, that at 3 ] .^th of a second after the 
datum instant, the e.m.f. in the circuit in Fig. 89 is tending to drive 
current in a clockwise direction, as indicated by the arrow-head, and 
the current at the same instant is flowing in a clockwise direction. 
If we hdd fixed our arrow-head so that it pointed in a counter-clock¬ 
wise direction, then the vector diagram in Fig. 92 would mean that 



Fia. 91.—Voctoi 


<liagrani rcprosonting virtual viiluos. 


Kill. 92. —V^cctofiliagram wlicn ul = 1. 


at the instant in question the voltage and current in Fig. 89 are in a 
counter-clockwise direction. This matter is so simple when we deal 
with a simple circuit, that a statement of the matter such as given 
above appears to be childish ; nevertheless it is only by a strict 
^adherence to the use of arrow-heads, and a constant reference of the 
mind to what they mean, that we can hope to deal successfully with 
more diffierdt problems. 


Example 2. Three-phase power measurement. 

Let us now take the case of the measurement, by the two-watt¬ 
meter method, of the power delivered by a three-phase star-connected 
generator. Fig. 93 is our circuit diagram. It is common practice, 
when drawing the circuit diagram of a three-phase star-connected 
machine, to draw the wires representing the three phases as if they 
were 120“ apart. This sometimes makes a confusion in the student’s 
mind between the circuit diagram and the vector diagram ; in fact, 
it is not uncommon for engineers who are familiar with the subject 
to draw one figure to represent both diagrams. It is desirable to 
avoid this confusion. It will be seen that the arrow-heads on the 
three legs of the star have been drawn pointing outwards ; it does 
not matter whether we make them point outwards or inwards, but 
it is advisable to make them all point one way, so as to preserve 
symmetry, in the vector diagram. When we come to attach the 
arrow-heads to the voltmeter connections of the wattmeter, we 
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tail find that it is convenient in this chse to place the arrow-heads 
iS shown in Fig. 93. 



Fi( 3. 93.—Circuit diagram for Ihc two-wattnu-tcr cimu*‘ctiiuii<. 


We must be very strict in our convention in the connection 
of the wattigeter terminals. Most wattmeters liave a | sign 
on one of the voltage terminals, and on oiu^ of the ciurent 
terminals; this -| sign means that if tin* wattmeter is connetted 
to a 1).C. circuit in such a way as to make the I terminals both 
positive or both negative, the wattmeter needle will move over 
the scale; whereas if one f terminal is positive and the other 
negative, the wattmeter needle will tend to move in the opposite 
direction. In connecting the wattmeter to the three-phase gener¬ 
ator, the positive terminal of the voltage circuit mul the current 
circuit should be arranged as shown in Fig. 93. If this is done, we 
know that when the current in the leg /I is flowing in the direction 
of the arrow-head and is also in the direction of the arrow-head, 
the wattmeter will read positively. If the wattmeter in leg C ia also 
arranged with the -t- terminals as shown in the figure, when there 
is a current in C flowing in the direction of the arrow-head and the 
voltage is in the direction of the arrow-head, the wattmeter will 
tend to read in a positive direction. 

We can now proceed to draw the vector diagram of the voltages 
and currents in the generator. We may represent the thrtse voltages 
F„, Ft and F* generated in the respective phases of the.generator 
by the three Unes OF,, OFj and OF, 120" apart. Th8 voltage Fj,, 
as drawn with the full line in Fig. 94, is then madd up of Fj 
taken positively and F„ taken negatively, because the arrow-head 
on phase A (Fig. 93) is opposed to the direction of the arro w .h'dad F^,. 
In our clock diagrap}, therefore, we must set off the line F,,F|„ in the 
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^osite direction to the vfictor OV„; we thus arrive at the vector 
OKja, which represents the pressure in the volt circuit of the watt¬ 
meter taken on the convention of the arrow-heads shown in Fig. 93. 
If the arrow-heads on had been taken in a clockwise direction 
in Fig.'.fl3, our vector diagram would have come out as shown by 
the dotted line in Fig. 94. The meanings of the two residts are 
identical: the full line shows a one voltage in a counter-clockwise 
direction, and the dotted line shows an opposite voltage in a 
clockwise direction. 



Kiu. 84. Vi'ctor cli»nrain for th<> twii-wultmeldr method. Power faetor -1. 

In view of the fact that the positive ends of the volt coils in botli 
wattmeters are coimected to the terminals B and C of the machine, 
it is convenient to place an arrow-head on the volt circuits us shown 
in Fig. 93 ^ so that a current flowing in the direction of the arrow¬ 
head will be a positive current in the volt coils. Taking now the 
ordinary pro6f of the two-wattmeter method, we have : 

+ h + 

The total power generated in all three phases at any instant 
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Substituting for i„ , we Jiavc 

.rj-i-i.(iv I’,,)- 

Fig. 94 gives the phase position of tlie voltages and lairrents in a 
balanced circuit working on unity pojver /actor. Tlie cuj,Yents i„, 
ij and i, are in phase with their respective voltages. The vector 
= and the vector Wlu'n the iliagram 

(Fig. 94) is in the position shown, 4 is negative and l',„, is negativi*; 
80 that with the connections shown the wattmeter in pha.se it w il' have 
a positive torque. The same is true of tin* wattmeter in })liase C. 
Thus the sum of the readings of the wattmeters gives the total ))ower. 
If now the current lags by (iO“ behind the ])hase k.M.F. (as slnnvn 



l'’ui. 9'>.- tliajirani f'»i lh«* Uvo-\viit1m< t« r mt ihixt. I’uwit far(<ir 0'r». 

in Fig. 95), the wattmeter in phase C will read zero, because tin; 
currejit is lagging 90° behind I while the. W'attmeter in jdiase li 
will read the same as on uuitypower factor. If the, current lags more 
than 60°, the C wattmeter will read negatively, and its .'-ojinections 
will have to be reversed in order to bring the pointer upon tjie scale. 
It is then necessary, of course, to subtra(‘t the readingol wattmeter 
C from the reading of wattmeter IS in order to ascertain the ])ower. 
It \vilt be seen that by adopting a strict convention as to the signs, 
taking proper caie with the connections of the w'attmeter to the three- 
phase citcuit, the tester (;an tell whether the wattmeter readings Jiave 
to be added or subtracted and whether the wattnaders are reading 


W.p. 
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power genorntecl by the macliino under test or power absorbed by 
the machine under test. I’his a tester should always be able to do 
from an inspection of his connections, independently of any other 
information he may have. Sometimes there are verj’ mysterious 
happenings in the behaviour of polyphase machinery: a motor 
sometimes behaves as though it were a generator, and a generator as 
a motor. Great difficulty may arise in clearing up the trouble if 
the tester is 7iot able to say definitely from his connections whether 
a wattmeter reading indicates power supplied or power absorbed. 

Examplk 111. The balancing of a three-phase circuit by means of 
a choke coil.. 

Another example of the convenience of the vector-diagram method 
in solving prol)lcms that would be rather difficult without it is the 
case given below, in whiidi a three-pliase system that has been 
thrown out of balance by the addition of a single-pliase load of low 
power factor has its balance restored by the addition of a choke-coil. 
Let us consider a three-phase system in which the voltages measured 
from the star-point to the terminals are : ' 
c,.J4 sin («<-«„), 

Cj - Bjsin((«<- 2x/3-a,,), 
e, - Er si n (at 47r/3 - «,), 
and in which the emrents in the three legs are : 

i /„ sin («)<-(/)„), 

7,,sin(<«t-27r/3-</>,,). 
fsin (at - 4'!r/3 - <l\). 


Then the volt ages are in balance when 

'Eh-E^, .( 1 ) 

and n„ .(2) 


In a mesh-comuxded system tlie angles between tlie voltage vectors 
are dependent, upon tht' values of the voltages, because the vector 
sum of the v<'ltages must be zero. In this case (1) and (2) are not 
independent. We may, however, consider the star-connected case 
where the phase angles are independej\t of t he voltages. 

rni j * I 1 1 


T’he currents are in balance when 

, /„=/6-/..(3) 

and .(4) 


In a three-plmse star-connected system not provided with a fourth 
wire, the phase angles of the currents are dependent upon the values 
of the currents, because the vector sum of the currents must be zero. 
Therefon^ conibtions (3) and (4) are not independent. We may, 
however, consider the perfectly general case where a fourth wire 
is provided and where the currents and angles are independent. 
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In a single-phase cireuit in whieli* the voltage is e—E^inixt, 
and the cui'rent is t~I sin {(ot -ij)), the expression iW the power is 

j) —\El cos </) --\El cos (2w( (p). 

The first term represents a constant Jlow, of power. The; se<'ond 
term represents a double-frequency alternating How. 

Let us assume that in the above-descriluHl tliree-pliase system 
f'hat is to say, that tlie voltages are 120"’ apart. We 
may regard the current in eacli phase as a single-plmse load on that 
phase ; so that the power in leg A is 

P« ~\EaI„ cos ^ IEJ„ cos (‘Itcl. lj>„). 

The power in leg B is 

Pj =hEJi, cos <p~lEJ,, cos (2«7 - At/S - c/),,). 

And the power in leg C is 

Pr — ^E,If (.'(>» (p~\EJf cos {'2n'l--'2irj^ - 

In each of these e.xpressions the negative term represents a double- 
frequency alternating flow of power. If jiow the ])liases are balanced 
so that tp^. these alternating 

terms can he represented by three 
equal \Vctors spaced at 120" to o)ie 
another, which rotate at twice the 
frequency of the supply (see Fig. Oti). 

As the sum of equal vectors so plactal 
is equal to zero, the alternating com¬ 
ponents of the power balance one 
another when taken for the system 
as a whole. Thus we get, as Stein- 
nietz has pointed out,* another 
(witerion of the balance of the. loads. 

If the sum of the three alternating 
components of the power is zero, the 
load is balanced in the sense that 
the single-phase load is on the whole 
eliminated and the power flows from 
the generator in an even stream; 
but if the sum is not zero there is a fluctuating flow of power from the 
generator. 

Elimination of single-phase power components without 'balance 
of phases.’ If the conditions (1), (2), (3) and (4) above domot iddain, 
then the alternating components of the power may or may not 
balance out one another. It may happen by (hance or <itsign that 

• The Tkfyry and t'afcuia/ioB of KUelrio Circuiti, |). SH. 
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the amplitude and phase hf three alternating power components 
are such that the three vectora representing them woidd form the 
sides of a triangle, with the arrowheads (sho'wing the sense of the 
vectors) following one another 'consecutively. In this case the 
alternating components! of.the power balance one another, al- 
thoiigh it may be that neither the cun'ents nor the voltages are 
balanced.* 

Where a polyphase load has been unbalanced by the addition 
of a.single-phase load, it may be balanced by the addition of a watt¬ 
less load taken by a <hoke coil or a condenser. Steinnietz has shown 
that where a load is imbalanced and the resultant of the alternating 
component^i of the power is equal to \EI cos it is possible 

to balance the systerii (according to his definition of balance) by the 
addition of a choke coil (of no resistance) fed with a voltage 
J5'sin((tf< —/?), where /'■i - .|(/) -l- |Tr and taking a current 7'sin((<)t—j8—|x), 
where ET EL ()r the system may be balanced by the addition 
of a capacity fed from the voltage E' n\n(t4--8), where 
and taking a current /' sin {wl /t-l Jtt). 

If we apply this method to the lialani-ing of a three-phase circuit 
which is caiTying a single-phase load, it will be found that lor some 
loads the addition of the I’hoke coil giviss a true balance, according 
to the definition on page 162 ; but that for other loads the, balance 
(while it is such as to bring to zeio the lesultant alternating coiupo- 
nonts of power) is not such as to comply with conditions (1), (21, (31 
and (4) of page 162. 

Graphic construction showing balance of power and balance of 
• phases by means of a choke coil. Let the three-pliase system A, B, 
C, Kg. 97, be loaded f with a resistances and choke coil betwemi the 
terminals .d - 71. Let the voltages in A, 71, and (' ri'spectively be 
represented by the vectors A’,,, Aj and E, in Fig. 9.S. Taking 
Ca=Ay’ sin («'(, we have 

- VTA’ sin (<«>( -|-7r/6). 

First let us take the instance ([noted by Steinmetz.J where the 
power factoi' of the circuit /171is such that tli(> current lags Tr/6' (/> 
behhid the voltap, so that i,,^ 1 sin W. The alternating component 
of the i>ower will be 

\\^^El cos ( 2 ( 0 (-l- ttUI). 

, .Iv'3 A’7 cos (2«'/ 1 Try 6). 

• Soe " T)io Supply of Single-phaso I’ower from Three-pliaso Systems " ; Journ. I.E.E., 
Tol. 67, p. 120, jKJtpendix II. 

fThe exaiapio given here is the one given by Steinmetz (i6trf., page 326). Fig. 98 
shows how it is that in this jiarlinilar instance the phases ".re balaneeil. In Appendiees II. 
and IV. (jf the I.E.E. paiier, vol. .57, pp. 12!) and l.K), examples are given in whieh the phases 
are not haiaaced, although the single-phase load is on the whole eliminated. 

J Ibid., p 327. 
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[u order to neutralize this alternating eoinponcnt, we can put in 
sircuit a choke coil fed by a voltage, _ * 


c' sin («'< + t/C) fi) 

-y/3E sin 



J‘'ia. 07.- Sii’j^lo jiId'ou iuductivo Tui. OS. -- \ diA^rani for uiruuilM <*f 07. 

loatl bnlanuud by a (•lw»k(; coil. 

• 

This voltage, lagging 30° behind E,„ can b(f obtained from the 
terminals .1—C', as shown in Fig. 97. 

The current through the choke coil is 

i' - I' sin 7r/(i — ^t), 

and if the reactance of the coil be suitably adjusted so that I' --I, 
then the alternating (uniiponent of the i)ower in the choke circuit is 

e'i' l\/'iE'J’ <'OS Jir -lir), 

and as cos (‘2<.><-57r/ti): =-co.s {2(o< + 7r (i), the two alternating com¬ 
ponents neutralize each other. Now in this sy)ec,ial (niso it will be 
seen from Figs. 97 and 98, taking the direction shown by the arrow¬ 
heads as positive in eacli leg, that before the choke coil was added 
the c.urrent in leg A was /„j, and in leg E it was After the choke 
coil is pyt in circuit the current through it is /,„ in leg A, and in 
leg C. Adding together /„» and we get /„ as the current in A. 
Thus we see that the three legs carry equal currents at 120° apart; 
and as the voltages were assumed to be in balance we see that con¬ 
ditions (1), (2), (3) and (4) hold. 

In applying Steinmetz’s method to the case of single-pliasc load, 
of any pow'er factor, the. question whether or not we get I'alanced 
currents depends upon the way in which we build uji the voltage 
E' sin from the components selected from the three phases. 
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Graphic construction whowing the method of choosing the com¬ 
ponent voltiigA from the. three phases in order to build up 
E' sin so as to get balanced currents in* the case of a choke- 

coil baliincer for any power factor. 

Let «8 take the case whcrb the power factor is 0-7. The voltages 
in the three legs of the star when balanced may be taken as : 
e„ = 1000 sin <»(, 

6^ = 1000 sin (»<-120°), 

. -1000 sin H-240°).* 

These are sliown in Fig. 100 by the vectors E„, Ej, and respec¬ 
tively. Let the singl'j-phase load be fed from terminals A and C, 
Fig. 99. 


CHOKE COIL. 



Fio. -Diugi'uiu of coimoctioiiH for buluiiciiig a »ingto-pba 80 load by mcaiiii of a cboko coil. 

- 1732 sin (<»t-30°) (see vector E„). 

' i„, 1000 sin (wi-30°-45°) (see vector /.s). 

As the arrow-head indicating the positive way through the .single¬ 
phase load is opposite in sense to the arrow-licad on phase C (Fig. 
99), the vector 01 g must be reversed (see 04 ) to represent the current 
in phase C. 

The alteniating component of the power is : 

“ X1,732,000 cos (2»<-60°-45°). 

* Xbo'ra'ljrcHiinn of an||;lcii of la^ in dogtvcii instead of in mdians is adopted for general 
conveniriK'e in what fnllows. The maximum voltage is arbitrarily taken us 1000 so as to 
get four significant hgures without a decimal point. ‘ 
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Ill o^er to neutralize this alternatiifg component by means of a 
reactive load, we must take , 

• ;9=i<|> + i’r==22-5® + -i5°-(57-5“. 

Take e'- d732 sin («)<--30° — ()7-5°) (see vector A’//i*)- 
i'-=1000sin{«)<—30“ —(i7'5°-'J(i°) (see vector I,). 

There arc many ways in wliicli we ran build up the voltage e'. 
The problem is to take such components of the voltages 7f„, and 
A’,, by means of transformers having suitable ratios, as will build 



100.—Vector (iiu;»raiii showing how IniiM up llu- v<*ltaoo feoding tho choke 

coil ill order to baliiucc (ho cun'cntiS. 


up tlie voltage e' and at the same time load the system with llie 
transformers in such a way as to balance tiie currents in the three 
phases. We begin by laying oif OK,, OK,, and OE^ to scale, the 
terminal voltage A’„, and the singlc-])liase (mrrent of 1000 a'mperes 
lagging 45° behind E„. This is represented by the vector We 
also set off the vector A", 1732 volts, the angle being !)7-5° behind 
A'„. This is the voltage that is to be applied to the cli^.'lce-coil; the 
current in the choke-coil would be 1000 amperes and would lag 
00° behind it. The choke-coil current is given by the vect or V. 

Fig. 99 gives the diagram of connections. It is cssumed that 
the primaries of the transformers feeding the choke-coil have all the 
same number of turns, say 1000. We have yet to find out the number 
of turns on the secondary of each transformer and its correct polarijiy. 



Wc note in the first place ^hat phase B does not feed the single- 
-phase load, and therefore feeds only the primary of the transformer! 
The current draA^^n by the primary in B must therefore be in phase 
with the choke-coil current. Wc sec further that if we are to get' 
all the hhree currents biJanced, they must form an equilateral 
triangle, (me side of which (O/'j) must be parallel to 01'. Again, the 
vector In rcpnisents as much of the current flowing in phase A as 
flows to the single-phase load, the arrow-head on phase A being the 
same as the aiTow-head on the single-phase circuit. In order to 
repres(!}it the current supplied by phase 0 to thp single-phase load, 
wc must rc!verse aS shown by the vector 04. The problem is 
now to add to i,. a current which is parallel to 01', stfch as to give 
a resultant that will forn one of the sides of the equilateral triangle. 
Similarly, it is desired to add to the single-phase current supplied 
by namely Ig, a current also parallel to 01', such that the 
resultant will form the remaining side of the equilateral triangle. 
To meet these conditions, it is only necessary to set off the line 01, 
at 60° to the line 0/'^ and draw the line ij, parallel to I'O until it 
meets 01,. 1, is then the apex of the equilateral triangle. The 
length of the side 07^=^1066 amperes can be scaled off and the 
triangle 07,7/ completed. The side 7^7^' is then the total current 
in phase A, and is made up of the single-phase current 1,11 and a 
small current of 151 amperes represented by the vector 7///. • The 
currents in the primaries of the transformers are directly propor¬ 
tional to the number of turns in the secondaries; therefore the 
number of turns in the secondary of B shall exceed that of C by a 
number wlii(h shall be equal to the number of turns in the secondary 
of /I. Wc therefore necessarily have twoisosceles triangles, OeE,' and 
c.ElE', built up by the voltage vectors having, the sides OE,'=0e and 
E^e —EIE'. The number of turns in the secondaries of the trans- 
fonners (taking the primaries as 1000) is most easily determined by 
taking the ratio of the sines of the angles in the triangles 7,7/7.' 
and Oi,!,, as follows : 


7 / 7 / sin 7-5' 
7 / 7 , sin 60‘ 
i,l, sin 52-5° 
i,0 ' sin 60° 


=0151, 

- 0 !) 15 , 


7/O-0151 +0-915 -1-066. 

Therefore the* turns in the secondaries of A, B and C are 151, 1066 
and 916 respectiyely. With 1000 volts on etuh of the three primaries 
of 1000 turns we get; 

E,'0 915 volts. 


Off/=1066 „ 
£/*”= 161 „ 
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and the vector sum of these is J5/£'=»1732 volts, which gives us 
the voltage e' in the correct phase. If now we put jn circuit with 
this a reactance of 1-732 ohms we get 1000 amperes lagging 90“ 
flowing in the secondaries, and thisx^alls for currents in the primaries 
of the same phase (assuming perfect tr^jnsformers) the amovtnts of 
which are: 

Phase A 151 amperes. 

„ if lOOli 
„ C 915 

If now we add the 1000 amperes i., in i>hase .1 to i/ij', we get lOOti 
amperes total in phase A; and if we add the 1000 amperes Oi, to 
ijf we get 0i, = 1066, so that all three current s are equal and at 
120° to one another. The angle of lag of each current behind its 
E.M. F. is 67-5° in each case. The alternating components of the })ower 
in the three circuits*are equal, and the double-frequencj vectors 
representing them are at 120 to one another. They therefore cancel 
out (see Fig. 101). 



Fig. 101.—Vector diagram of power ahowing how the three jH»wer coDi|K>ncnUi oro 120''' apart. 

AVhep we come to connect the transformers in the choke-coil 
nrcuit, the vector diagram tells us the polarity of each coil as well 
Js the number of turns. The voltage EJE' is built up of th'-, vectors 
fi/0, OEi, and E^'E'. As EJO is opposed in polarity to OE„ the 
915 turns of the C secondary must be reversed, so thaf the arrow 
m the transformer is in opposition to the arrow-head on the choke- 
soil circuit. The vector OE^' is of the same polarity as OE ,,, therefore 
the 1066 turns of the secondary of phase B are connected in Ao* that 
the arrow on the transformer runs concurrently with the arrow-head 
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on the choke-coil circuit. *EiE’ is opposite in polarity to OE,\ 
therefore the 145 turns of the secondary on the A transformer are 
reversed, so that the arrow on the transformer is in opposition to the 
arrow-head on the choke-coil circuit. 

In practice it is of course impossible to make a choke-coil which 
has no resistance. The plan to adopt is to work out by the above 
method the approximate size of choke-coil required. After a pro- 
viisional design has been made out the approximate Pli load caused 
by the coil can be calculated. This PR load is then added on to the 
unbalanced three-phase load giving a value to the resultant un¬ 
balanced load and a new value to E' min (wt—fi). We can then 
proceed tafind the exact size of choke-coil by this method of trial 
and error. 

ExAMPiiE IV. Vector diagram of synchrondus motor. 

In the previous problems we have been concerned with vectors 
having a fixed phase relation to one another. In some problems, 
however, we are concerneil with the variation of the phase angle 
and witli the effect of the phase angle upon the amplitude of the 
quantities under consideration. A goml example of this kind of 
problem is found in the study of the synchronous generator and 
motor. 

Fig. 102 represents the armature of a single- 
phase alternator connected to the supply mains. 
The arrow-head on the circuit denotes the direc¬ 
tion taken as positive for the purpose of the vector 
diagram (Fig. 103). At the instant wlien the right- 
hand terminal is positive the busbar'voltage ON is 
opposed to the arrow-head. ON is therefore taken 
as negative in Fig. 103, wliile the voltage generated 
in the winding is taken as positive. 

Let the terminal k.m.f. of a synchronous genera¬ 
tor be represented by the vector OEj., an<l let the 
current be almost in phase with the terminal e.m.f. 
and be represented by the vector 01. 'I'he reactive 
voltage drop in the armature winding will be at right angles to the 
current, and may be represented by Ej-X ; while the resistance drop 
is given by AA',. The vector OA’„ then gives the generated, voltage. 
This is ahead of OEj, by the angle Tlic armature current produces 
field distortion (see page 183), so that the phase of the generated 
voltage lags behind the phase position of the centre-line of the pole 
by an angle that we will denote by 0. 

In Fig. 103 the line OP is the centre-line of the pole of a generator, 
which is supposed to be revolving in a counter-clockwise direction. 
The vector OE, gives the generated voltage and the vector OA'^ the 



Fill. 102. 
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terminal voltage. Let ; then <r is the angle between the 

centre-line of the pole and the veetor that represents the terminal 
Voltage. 

If the machine is operating iis a motor, the current will bf almost 
180 out of phase with the terminal R.m.r fi'j., anil may lie repre¬ 
sented by 01 in Fig. 104. The impedance drop will now bring E, 
to the right of L.p, and the ticld distortion will bring tlie centre-line 
of the pole OP .still further to the right. The angle <r' between 
OE,j, and OP is now of opposite sign to t in Fig. 103. 



Fkj. Ids. Kig. !D4. Kh». 105. 


If the field magnet is excited so as to give a back k.m.f. almost 
equal to the busbar voltage, the armature current 01 will be almost ■ 
in phase with the terminal voltage. In Fig. 105 drop a perpendicular 
//, from / on to OEf. Then the product I, x Ej. gives us the power 
delivered by the generator. For small values of o- the current is 
proportional to o-. Let where /„ is a constant, the value 

of which is considered on page 170. Then the power is Ejl^<r. 
The torque Q, required to give this output is inversely proportional 
to tha speed. 

'^““erams at a metre, . 

where stands for the revolutions ])cr second. ,Thti8 we see 
that the turning moment is proportional to the angle between the 
centre-line of the pole and the vector representing tfie terminal 
voltage. At no load <t is almost zero. As the load is .increased 
T is increased. In a machine of ordinary regulating qualities <t 
may be d 27 of a radian (say 15°) at full load. On a two-irole machine 
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the displacement of OP in ftie clock diagi’am is the same as the 
mechanical angle? of displacement of the field magnet on the machine ; 
but on a multipolar machine having p pairs of poles the mechanical 
displacement u of the centre-line oAhe pole behind the vector repre¬ 
senting *i,he terminal voJtage corresponds to an electrical angle 
<r=p« on the clock diagram. 

If the prime mover ceases to provide a forward turning moment, 
the centre-line of the pole (OP in Fig. 105) falls behind the phase 
of the terminal k.m.f., and the machine becomes a synchronous 
motor (see Fig. 106 ).. The current 0/ is now nearly 180° out of phase 
witii Pj,. Projecting OJ upon ON, we get 0I„ the corn- 
^ /P ponent of the current that is directly out of phase with 
>a!j OEj.. The product x E.,, gives us the electrical input to 
I the motor. As before, let lf=I„rT. The torque is now a 

, forward torque tending to drive P forward to the syn- 

/ chronous position ; it may be denoted by 

/ 0 = 

....PL o-six'iTTx/i;; 


/ I’hus we see that the conditions controlling the flow 

j of current through the armature are such that when P is 
j displaced from the synchronous position Ej. a turning 
. moment comes into operation, which tends to move P 

!' * towards Ej ,; and this turning moment or synchronizing 
I torque is proportional to for small values of o-. The 

electrical forcos operate upon the magnet in a manner 
* fiq. loii. analogous to the forces exerted by the spring upon the 
balance-wheel of a watch, in which the restoring force 
is proportional to the displacement. If tlie machine is nnming 
at no load and P is forcibly displaced from /f,. and then 
released, it will swing back; and on reaching Ej. it will swing 
past, just as a balance-wheel swings when it- is displaced and 
releivsfid. This motion of P with respect to A’,, is called ‘phase- 
swinging.’ The natural period of this svying depends upon the 
consta-nts considered on jiagc 228. It must be remembered that 
the clock diagram is supposed to be revolving all the time with the 
same frequency as the machine. When the busbar voltage has a 
uniform frequency, E^ is supposed to be revolving with the same 
imiform fr^l^iency. If there is no phase-swinging, P will take 
up a definite position with respect to Et, and will revolve at the 
same speed, if P is behind Ej, the machine is acting as a motor 
yielding a tol-que proportional to or'; if P is ahead of Ej., the machine 
18 acting as a generator, and is being driven with a torque proportional 
to <r. If P swings backwards and forwards past Ej,, the machine 
acts alternately as a generator and a motor. 
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• 

Sometimes a synchronous motor yielding ^ certain mean 
turning moment that calls for a displacement o-' of the field-magnet 
f* exhibits some phase-swinging > so that instead of maintaining 
the angle a-' constant, swings backwards and forwards between 
the limits P' and P“, as indicated in Fig. Itl7. 

Consider two similar generators connected in parallel to the 
busbars B {- and B — , as shown in Fig. 108, and sujiplying a feeder 
circuit F, F'. In dealing with a case of tliis kind, in which .there 
are several circuits in ptinillcl. it is iMijiortant to agree uj)on the 
convention as to positive and negative currents in eacdi circuit 
before attempting to draw the clock diagram. A simple convention 
is that indicated b\' the arrow-heads in Fig. I(t 8 . * 



I’m. 107. Imij, IOS. 


Here the busbar voltage is taken as ])o.sitive when B+ is positive 
and B- is negative. The direction of a positive current in each 
circuit is indicated by the arrow-heads. In the dock diagram, 
Fig. 109, ON is taken as rejire.senting the Inisbar pressure, and ON' 
as the back pressure of the generator. 'Ihc phase jiositions of the 
centre-lines of machines 1 and 2 may then be repre.sented by the 
vectors OPi and OP 2 respectively. As shown in Fig. J09, < 7 , is 
greater than t,, so that /. will be greater than /,. The sum of the 
currents, /i-f/j is the current taken by the feeder. In. phase and 
amount it depends upon the character of the load upon the feeder. 
The engine driving/' 2 is exerting a greater turning mofnent t han the 
engine driving and forces P^ ahead of /',, so as to lake a greater 
share of the load. If there is no pha.se-swing, the angle betw'een 
p 2 and Pi will remain constant as long as the distributioiy of steam 
supplied .to the two engines remains unaltered. The g<>vernors of 
engines are usually provided with a means (‘ speeder ’ gear) whereby 
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the steam supplied at a given speed can be varied at will. By means 
of this speeder gear the distribution of load between the two machines 
can be equalized as in Fig. 110, so Jong as therfe is no phase-swinging. 

It is common to find a certain amount of phase-swinging between 
P, and 'Pj: that is to say, fiVst P, gets ahead and /, increases, then 
Pj gets ahead and /j increases, the sum of P and 1^ remaining con¬ 
stant. This phenomenon will be most marked if the natural frequency 
of phase-swing of the generators is the same as the frequency of a 
periodic irregidarity in the turning moment in one or both of the 
engines. The conditions under which this arises are considered on 
page 230. 



Kui. IDS). Kio. 110. Kid. 111. 


As the load on the feeder increases, the speed of the engines 
will be slightly decreased, .and this causes the governors to .supply 
more steam. The increased turning moment then forces P, and 
Pj further ahead of ON', and a corresponding increase occurs in 
/, and /j. Suppose that on machine No. 2 the steam is shut off; 
Pj ^yill fall behind ON', as shown in Fig. Ill, until the negative o-j' 
causes to flow a negative current /j sufficient to provide the turning 
moment required to drive the engine. Machine 2 is then rjinning 
as a synchronous motor. 

It will-be seen that in Figs. 109, 110 and 111 we are coheerned 
with the changing position of the vectors Pj and Pj and the effect 
of the changb of position upon the currents in the circuits. 

Examplk V. Locus diagrams. 

Tha «tudy of the changes in the magnitude and position of 
vectors, such as P, and P,, and the effect of these changes upon the 
(surrents in the circuits, is greatly aided by the icse of locus diagrams, 
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The locus diagram of a synchronous generator or motor provided 
with salient poles is rather tedious to draw from design data of the 
machine, and.indeed cannot be drawn so as to take into account 
with perfect accuracy all the factors that determine the perfotmance 
in actual practice. But an approximate lOcus diagram, which in 
the main exhibits all the leading features in the performance of the 
machine in a manner that is sufliciently quantitative for many 
practical purposes, can be constructed with ease if we arc allowed 
to a.ssume that the machine possesses certain qualities that might 
be attributed to an ideal machine. For instance, the locus diagram 
is greatly simplified if we can assume that the reluctance of the 
magnetic circuit is the s.aine for a cross-magnetizing m.M.f. as for 
a demagnetizing m.m.f. This is very nearly true in a turbo-generator 
having a cylindrical ^ield-magnet, but is not in general true where 
the machine is provided with salient ])oles. Again, matters are much 
sinqilified if we can neglect the saturation of the magnetic circuit, 
and can assume that the inductance of the armature winding remains 
constant over the ranges of armature current within the purview of 
the locus diagram. 

In connection with Fig. 103 we .saw that the angle a- was made 
up of two* angles, ^ and 0. ^ depends mainly upon the reactive 

voltage 4 'ene.rated jiy the leakage field across the armature slots 
and around the armature end-windings, whereas 0 depends upon the 
distortion of the flux ucro.ss the face of the pole. If we are permitted 
fo make the assumptions .set out in the last paragraph, it is legitimate 
to take the whole magnetizing effect of the armature current (that is, 
the leakage flux both across the slots and around the end-windings, 
and the flux distortion), and con.sider the k.m.f. set up in the armature 
by it just as if it were an k.m.f. of self-induction. Denoting by A\ 
the apparent reactance of the armature, due to this total magnetizing 
effect, by K„ the re,si.stance of the armature, and by Ef, the k.m.f. 
generated by the undi.storted flux .set uji by the field-winding, we 
.sen that the busbar voltage is balanced b}’ the sum of three K.M.F. ’s, 

/A, IX, and E^. 

Fig. 1J2 shows how in a synchronous motor the terminal voltage 
O/i’y (which is equal and opposite to the busbar voltage OA’) is built 
up of Ef -^PEj, and IXa^OX. In this figure AV is 

taken .smaller than AV; that is to say, the synchronous motor 
is supposed to lie imder-excited. As a consequence, tha current 0/ 
is lagging behind the busbar voltage by the angle r/i. As the vertical 
component, OI„ is 180° out of phase with GEj,, the machine is running 
as a motor. If the excitation of the field-magnet is kept ermstant 
while the load is changed, the point P must move on the arc of a 
circle PiPPi, having'a constant radius and a centre at Ay. 
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While P movQS on its circle, the point I must move * on the arc of 

a circle IJT, whose centre is at H. The lipe OH is drawn on the 

current scale equal to Ej.lZ^ (where Z„= V'/f/+Z/), and makes an 

' •• X 

angle with the vertical line ON such that tan (p,= Fig. 112 

has been drawn to scale to represent the voltage and the current 

’it: 



Fiu. 112.—Luciw (Uagrom ol synchronous motor or generator (umler-ojccitod). 
Seale : I cm. - IIK) amjK*rcs ; 1 cm. - KKK) volts. 


per phase of a three-phase motor when running with the field-magnet 
under-excited. The following are the particulars of the motor in 
question: 

Output 1000 K.w.; voltage 6000 between terminals; 3470 
volts from one terminal to the star-point; 40 cycles; 24 poles 
(p=l2); 200 R.P.M. At an efliciency of 95 per cent, the 
full-load wattful current will be 102 amperes. 

The value of c in equation (1) on page 228 is 224,000. From this 
we can ailculate the value of /, for normal excitation (to give 6000 


volts no load); 


Q. 


1-73 

'9*81 X 3-33 X 6-28' 

1-73 X 6000x12 x7, 

9-81 X 3-33 X6-28 ' 

7„=370. 

* See E. AmoUl, Die Wi'ChseUtronUechnik, vol. 4, p. 417 r also T. F. Wall, “ The 
Theory of Jhe Three*Phase Synehronoua Machine," Journal LK.E., vol. 52, p. 277, 


Therefore 


= Ca=224,000a. 


= 224,000, 
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Full-load current /,- 102; therefore /„ ^>(14/,. 

1/<t= 3;G4 ; therefore <t at full-loach 41-275 radian. 

3470 volts X0-275-!)55 \ nlts -J, x A',. 

055 

IQo ohms reai-lance per phase 


The resistance is 0.72 ohm per phastv-= h\. 

V''0-72- -|-0-4-—0-42 ohms jter ])hase. 

Then tan 

In Fig. 112 the scales are 1 cm.- 100 amperes, and 1 cm.- 1000 
volts. The vertical line ON rcpre.sents the network pressure, 3470 
volts to the star-point; OEi. is the terminal hac^k voltage made up 
of OX (the reactive drop I^XJ ; XP (the resistance drop /„/(„); 
and PEj (the voltage A’,., that would he generated by the field if it 
were undistorted). In this case the excitation of the field-magnet 
is taken as sullicient to give a terminal pre.ssiire of 5000 volts at no 
load, so that E^ represents to scale 50(K) : 1-73—2880 volts. The 

line Oil re.pre.'-'enting 370 amperes is set oil .so that tan 72 " 

* *'^880 

The radius /// “ _^^^ •- 30(5 amperi's. To set off the load line* 
we ])ro(-eed as follows : 

Draw a tangent from 0 to circle /„/7' at T. Drop the perpendi¬ 
cular T.S' on OH. Bisect OH in V. Draw VJ parallel to TH, cutting 
OK in ./. Join ,]H. Then JH produced is the load line. Any 
vertical line such as IL drawn from a point, on the circle to the load 
line gives the wattful current, whi(-h, when mulliplied by the voltage 
per pha.se and by 3, gives the output of the motor iij watts. The 
intercept between the load line and OK gives the wattful current 
that supplies the ohmic loss in the armature. A point on the chxde 
/,,/?’ lielow the load line, such as /„, gives the magnitude and position 
of an arm.-iture-current vector when the machine is running iVs a 
generator. As before, the intercept between the load line and OK 
gives fhe ohmi(! lo.ss, and a perpentli(-ular from /„ to OK giv(!.s the 
output at the terminals. 

If we draw the line marked ‘ 1000 k.w.,’ parallel to the load line 
and at a vertical distance from it to rej)re.sent 100 jjmjaires (the 
wattful current to give full lo.ad minus the P It ios,s), W'ecut the i-ircle 
at I and obtain 01, the full-load current vector lagging by the angle 

</' Itehind ON, on account of the weak excitation of the fieldTUiagnet. 

• ' 

* For tho ^>roof of tin's oonstniotion ami for furtlwrr cxU'nsion.H of it, tlif rciulur is rufcrivd • 
to the pa|KT hy Dr. Wall iicthe Journal I.E.K., vol. 5i>, p. 2HI. 

W.lt. 
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OX at ri{»ht iinj'les to 01 represents, to the voltage scale, the reactive 
drop /„X' 'l'h'“ niaxinniin load that the motor can give for the 
strength <A the field-magnet, represented hy is found by drawing 
a tangent to the circle at /,„ parallel to the load line. The line 

'mV nspresents 285 amperes.--==2970 K.W., the maxi¬ 

mum output, of the motor for this excitation. Any load beyond this 
will cause it to break stcj). When the machine is running as a 
generator, the maximum output (measured at: the terminals) is 
given by tlu; current I^Q'. The maximum output measured 
internally is calculatrsl from the current 



Fhj. 11,^.—I.OCHH (liasmm <*f Hynelmmoua molrii- or p-m'i’alor (uvor-c.witcil). 

■' Scull*: 1 crn. HH) Rin|M‘ic8; I cm. HKMIvulta. 

When tlu! synchronous motor is over-excited, the locus diagram 
takes the form shown in h'ig. 113. The point 11 is obtained exactly 
as before; but as is now greater than E/), part of the circle 
PiPPi lies above 0, and by similarity part of the circle IJT lies 
to the left of 0. As 0 is now inside the circle, the polar to the pole 0 
is the dotted line through <S. ST is a tangent to the circle, TO 
being at right angles to Oil. U is midway between S and 0, and 
UJ is parallel to OT. SJ gives the load line, which is inclined to 

OK by the angle ft, such that |8=2<i. Tana=^^. The full-load 

■A« 
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point 1 is olitained as Itoforo, by (Iniwiiii; tiu' dotted line marked 
■ 1000 K.w.’ at a vertieal lieight of ItKi amperes al)ove tlie load line 
and finding the poiiit I where it cuts the circle. 

Figs. 112 aiul 113 also give the point /' for the load of 120t» kw. 
It will he seen that the angle III I' in h'ig. 112 is greater than ////' 
in Fig. 113 in about the same proportion as the radius III in Fig. 113 
is greater than III in Fig. 112. Thus a small definite change in the 
value of the angle <t causes a greater change of load when the machine 
is highly e.vcited than an equal change in the value of a when the 
machine is not so highly e.vcited. The value of /„ is almost pro- 
portional to A’,/’, which rej)re.siml.s to scale the voltage that would be 
generated by the field-magnet if the machine were running at no load. 



I''!).. 11 1. i-f syii'-liitdioti;* iii;t< lilMf Dlliil v jutucr fiU'lfH'). 

Sivilf : I CtM. I<M 1 .iiiilM'n -; ; I <111. (IMMI 

It is .seen from Fig. 113 that the ma.ximum load that the machine 
can tithe without breiiking step is also iilmost proportional to A'-;/'. 

Fig. 114 shows the locus diiigram when the e.xcitation is such 
as to give unity power factor on full haid. Some of tlu! lines of the 
diiigram an; nearly coincident, and luirdly leave room fo" the in¬ 
sertion of the letters. 

If it were desired to draw the I'-curve giving the relatioli between 
the armature current and the field e.xcitation for any given .state of 
loads it is more convenient to jtroceed by ii diiigram* like that given 


.<(•(' Dr. WallV atM>vf. 
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in Fig. 115. If we were to employ the construction given in Figs. 
112 utul 113, it'would l)c necessary to construct a new figure for each 
degree of e.'ccitation. . • 

'I'he method of constructing Fig. 115 is as follows': The vertical 
line from 0 is ])roduced,’and'on it is taken a centre F whose distance 


y 

from 0 is equal to 


, where V is the voltage per phase and is 


the resistance of one phase of the armature. 1’his distance must 
lie set off to the cuiTcnt scale. For instance, for the machine in 
question we hav(! K=^^3470 and I{„—012. Therefore F“2h’„—2410 
amperes; iind as the scale employed is 1 cm.=;=100 amperes, the 



centre ])oint F will he 24-1 eins. ahove. () (oil the jiaper in this ease). 
Neyt calculate the armature current that will How at full load, 
unitv ])ower factor, idlowing for all lo.sses. including the armature 
l-l{ losses. Take the friction anil windage at 10 K.w., th.e ij-on loss 
at 25 K.W.. and the ciqiper loss at 22 k.w. 


lOOO ! 


10 I 25 f22 
10i)7 

()01M)\ 1-73 


1057 

102 amperes per phas<>. 


* 

Set otT Oil 1’02 cm.s. Take F/, as the radius of a circle whose 
centre js at F. In this case 23-08 ems. This circle is the 
locus of all such points as /. /,, In. /.i, etc., which mark the eiid of 
the radius vector representing the current taken at full load of 
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1000 KW, when tlie excitation is varieii* The dotted line sliown in 
tlie figure is drawn at a distance of 0-994 cm. to represent the constant 
Wiittful current that supplies the load: llKK) i 10 125- 1035 K.w. 
The vertical (fistance between the dotted line and the circle gives 
the current that represents the I-H loss in the rotor. This last 
increases as the .sejuare of the radius vector 01 ; hence the curvature 
of the circle upon which I lies. 

While the Figures 112. 113. Il l and 115 are u.scful in showing 
in a simple manner the general characteristics of the syiuiironous 
motor, they cannot be used for ([uantitative determination of the 
currents and power factors at difi'erent loads, liccause their com 
■struction is ba.sed upon the a.ssum])tions mentioned on page 175. 
and these a.s.sumptions lead us into consideral>lc error when we are 
dealing with a Siilient-pole machine. In ordi'r to get more exact 
ipiantitative determinations, one must take into account tlie fact 
that the reluctance of the magnetic path for the cross-magnetizing 
llii.x is in general higher than the reluctance of tlie magnetic jiath for 
the main working tiu.x. On a .salient-pole machine the dilfcri'iice 
in the reluctance of the.se two jiatlis has a great inlliieiice upon the 
position taken up by the lield-niagiud with resjicct, to the vector that 
rcprc.sciit.s the terminal pressure.* 

In order to plot the I'-curve of a .synchronous motor from no-load 
data or* from jiarticulars of design, the following information is 
re(|uired : (1) the no-load magnetization ciirvi'; (2) the .short-circuit 
characteri.stic, or particulars of design from which it can be deduced ; 
(3) the true reactance of the armature winding (that is, the reactance 
caii.sed by tliix that encircles the armature winding acro.ss the slot 
and around the end-windings); (4) the ratio of [lole-arc to pole-pitch. 

rile procedure can be followed from the e.xamjile worked out. 
below. Fig. nil gives the no-load magnetization and short-circuit, 
characteristic of a lOOO-KW., three-phase, 40-cycle .synchronous motor. 
The true reactance of the armature may be taken at. 2-3(1 ohms per 
phase; the resistance of the winding is 0-72 ohm per jiliase. T’he 
ratio of ])ole-arc to pole-pitch is 0-71. We may divide the ampere- 
liirns on the field-magnet on short-circuit, when 102 amperes‘are 
llowing in the armature, into two parts. The total am[icre-(iirns per 
pole are 2800. The reactance voltage is 240 jier pha.se, or 410 volts 
in two phases at 120 degrees to one another. From the no-load 
magnetization curve we see that to generate 410 volts reipiires 200 
ampere-turns per pole. Subtracting the.se from 2800, we get 2540 
ampere-turns as the demagnetizing effect of the armature ampere- 
turns when running at 102 amperes on short-circuit. T'hus we .see 
that the armature ampere-turns can be lalculaled for any armature 
current liy multiplying the amperes Itv 25. When the machine is 

• Se<f Sprdfimti' n ami iJmtjn of hytmmo'KUrlric Markimrij, 
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running on a very low power factor, so that the armature magneto¬ 
motive force operates almost entirely as a magnetizing or demagnetiz¬ 
ing effect, f he point of greatest i.nagnetomofive force being nearly 
f)p|)osil() the centn; of the pole, almost the whole of tlife 2500 ampere- 
turns ‘are effective upAn the main magnetic circuit. By ‘ main 
magnetic circuit ’ is meant the circuit that is embraced by the field 
coils,and which is made iij) of the air-gay) under tliej)oles, the yrole limbs 
and yoke, and the armature core. When, on the other hand, the 
machine is running on ii power factor near unity, so that the armature 



Mil. 


magnetomotive force operates idmost entirely as a cro.s.s-magnetizing 
elfeet, the |)oint of greatest magnetomotive force being' nearly 
midway between two yioles. the 250n amyiere-turns are yxyiended 
uyion a magnetic circuit eompri.sing the air-syiace between the jioles, 
which is'of,much higher reluctance than the main magnetic circuit. 
Wo may,arrive at the re.sultant of the direct magnetizing effect 
and the cross-magnetizing effect at anv yiarticular power factor 
by resivlving the total magnetomotive force of the armature, into 
two ci)mponents at right angles to one another: one oyieratin'g on 
the main magnetic circuit and the other on the circuit of the cross 


AMPERES PER PHA 
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flux. It is then necessary to multipl^' the cross inagnctoinotive 
force by a coefficient A’„ to allow for tlie greater reluctance of the 
(yoss-circuit. The value of tliis coefficient depeiuls upon the ratio 
of the pole-arc to the pole-pitch, and uiiou the shu])e of the ])ole. 
For salient poles having overhanging lij),-. and l)evels of normal 
dimensions, the value of A',, can be obtained from Fig. 117, in which 
the value of the coefficient is given for dillercnt ratios of ))ole-arc 
to pole-pitch. In our case the ratio of pole-arc to pole-i)itcli is 0 71, 
which gives /C,--()'4. That is to s;iy, that the amount of cro.ss Ilux 
produced by a given armature magnetomotive force at unity |)ower 
factor is 0-4 of the direct flux which the same magnetomotive force 
could produce if operating directly upon the main magnetic circuit. 



Potv futi h 
Fi.;. 117. 

The values and |)lia.se positions of the armature current when the 
machine is running at full load and at. various power factors caji be 
taken directly from Fig. 115, and the construction tor linding the 
am])ere-turns j)er ])ole can be continued as shown in Figs. IlS^, 119 
ami 120. Fig. 118 deals with the ca.se of the motor running a't full 
load.^unity power factor. The line 07, is taken from Fig. 115, and 
gives to .scale 102 amperes in pha.s(! with the Imsbar voltage and 
180' out of pha.se with the back ])ressure A’-,., which in this ligure 
is drawn to the scale : 1-73 cms. =1000 volts. Jly our adopting this 
scale, the number of centimetres in (Hi-,- and in the other voltage 
lines, multiplied by 1000, gives us the terminal voltage direct, to 
suit the ordinate scale in Fig. 110. The nsactance voltage A’j.df-416 
vojts, and that absorbed in the resistance, A7f, is 
0-72 X102 X 1'73 = 120 volts. 
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Setting tliew! out as iti Fig‘ 118, we obtain tlie generated voltage, 
5000. Krom Eig. llfi wo .s(ie that tliis requires a resultant excitation 
of 4900 iimpcro-tiirjis per polo. VYe therefore set off OF, 4-9 cin;j. 
fang. At right mgks to 0/, ire set off OJJr-.2-.54 ems,, to represent 
the 2oV) auipere-tiirns ;>(y pole (see page I HI). The cross-magnetiza- 
tiou elfeet produced will he only 0-4 of this, so we mark off 


fXf-0-4x2-54cms., 

and descrihe a circle* ('l)Ii having tlie diameter CB. Also upon 
OB as diameter descrihe the ciiele OAB. .Toiii FC and produce 



to I). Draw BJ).t. .loin (hi. Then OB is resolved into two 
component.s, OA aiul .1/1, one parallel to FD and the other at right 
angles to it. Further, the line .1/1 is divided .so that AJ):AB as 0-4:1, 
so that AI) rejne.sents the cross-niagneti/.iug elfeet and OA the 
demagnetizing elfeet. If now we e.wite the lield-magnet with a 
numher ol 'ampere-turns per pole rejn'esented hv A’/t—in this ca.se 
5500-~the residtant ampere-turns will he 

A’./l-f/t.l ! .10 AY) 4000 amjiere-turns per pole. 

A similar construction for the ca.se where the macdiine is under- 
exeited, ivnd is taking the lagging current 01 (Fig. 115), is shoyn 

' ♦ Sw Or. Wall, Journ. vol. 52, p. 2.S3. 
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in Fig. 119. Here tlie iimpcre-turns por*i)ole are given by FI) :)50() 
ampere-turns per pole. The coi\struction for a ease in whieh the 
jyachine is over-e.veited .ind i.s taking the leading rnrmit 01, (Fig. 
Ho), js show'll in Fig. 1'20. IIciv FI) Slot! anipere-tiini.s (mt po/e. 
By drawing .several of tlie.se figure.'* for various po.sitioiis of 0/, 
we ean plot the full-load I'curve * shown hv the full line in Fig. 121. 

If we had worked only from Fig. 115. and lunl taken siudi lines 
as /// as being proportional to the e.xeitation of the lield-maguet, 



IJlI. 


\V(* should luivo obtiiiiUMl tin* I’ curvu shown hy th(‘ (hiftcd curvi* 
li in Fig. 121. This curve diflVrs very widely from the full-line 
curve .1, for two reasoms. Jt is based ou the value of .Y„ 9'>l 
(see page 177), while this value of tlu' synchronous nsK-tance is only 
appmximatelv right for jiower factors near unity. Further, it 
takes no account of the saturation of the iron, and the consequent 
rise in the re.sultant ampere-turns required as the generated voltage 

* StHt Dr. Wall in pajHT ipioU-tl above, for eltw corrt'HjKjndenee Uttweon a I’Ui *'<• ohUinofi 
on t(.4t anti a curve obtainetl in thi-s way when tint right valucM are taken for armature 
reactance. * 
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is increased beyond (3000, ’rfnd the consequent fall in the resultant 
ampere-turns when the generated voltage falls below 6000. A dotted 
B curve could l)C obtained more nearly approaching curve A 1^ 
choosing a liigluu' value for to siiit the cases of loweivpowcr factor ; 
but itds only by splitting up the armature reaction into its two 
comf)onents, and dealing with them in some such way as is shown 
in higs. 118, 119 and 120, that one can expect to approximate the 
eihscis actually occurring on the running machine.' 



Heyland diagram of induction motor. This is another example 
of a locus diagram, which tells us at a glance how the value and 
position t)[ the lairrent vectors vary with the change of load. As 
the reluctance of the magnetic i>ath for any orientation of the magnetic 
held is much more nearly constant on an induction motor than on 
a synchronous motor, the Heyland diagram enables us to make 
quantitatTve determinations with much greater accuracy than can 
be obtained in the case of the circle diivgran. of the synchronous motor. 
As th^ dse of the Heylain! diagram is already fully tlescribed in many 
• text-books, it is uunecessarv to reproduce it here. 
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Failure to generate electromotive force, 

• 

Ik an alti'iiiatina curnMit goiicnitnr. su|)|)osi'(l lo Ix' niiiniiif' iiiidcr 
pri)])('r conditions, fails to {'cneratc electromotive force, one should 
ill the first plaee see whetlier the tield-maf'iiet is properlv e.vcited. 
If the e.vcitina current is sufiplied from independent coutiuuous- 
curreiit hushars. the lield-inagnet can he tested while it is statiouary. 
Its maeiietic .state can he tested hy hrinainf; near to it a screw- 
ilriver (ir other suitahle piece of maauetic metal large enough to he, 
hehl liynly in the hand. One should lu'ver attempt to hold a .screw¬ 
driver or other piece of magnetic metal near to a field-magnet while 
it is revolving, .V loo.se jiiece of metal may make a, smhhm dart 
towards the poles and cau.se an accident. Should it apjiear that 
the lield-magnet is not e.vcited, one mu.st test for a hreak in the 
continuity of the field circuit and for short circuit, as de.scrihed 
on |)age .‘{(i. .Many alti'i'uators are e.vcited hy means of an e.vciter 
directly connected to the shaft of the alternator, and the magnetizing 
current can only he generated when the alternator is running. In 
this case one must rely njion the ammeter in order to ascertain 
whether tiu' current is flowing and whether it is of the right, value, 
iiaving regard to the position of the rheo.stat. The field circuit 
should he tlioronghly overhauled when stationary, and te.sted for 
o|)en circuits and short circuits. If neither of these defects is jm.'sent, 
the current through the winding mmsf nece.s.sarily magnetize the 
poles; fait it is just ])ossil)le that the failure to generate, volts may 
he due to the reversed polarity of .some of the poles. For in.stance, 
a very large slow-speed alternator might have its wire-\^ound liehl- 
niagnets arranged so as to he connected with two .sets of poles in 
[larallel. If the connections to one of the.se sets were reversed, 
the magnetization of the poles would result in such a Histrihution 
of electromotive force in the armature as to give no resultant voltage 
at‘the terminals. .Methods of checking the polarity of the poles 
are consiilered on page 191. 
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Assmiiiiig that tJic field-magnet is all in order, we can proc^^“|' 
to cIuhA- the voittneter circuit and the armature. It may be tha°^ 
the voltmeter is disconnected either on account of the absence of 
fu.ses (which are commonly provided to protect the voltmeter trans- 
f(jrmer) or on account (jf some break in the circuit. Where two 
voltinetiu's are provided on the switchboard, it may be convenient 
to plug in a s(!cond voltmeter to check the first one. The voltmeter 
circuit having been looked to and the voltmeter it.sclf found to be 
in Working order, we may pro<.'e(sl to make a closer examination of 
the arniainn' (dreuits. These should be checked for oj)en circuit and 



short eirenit by tlie. methods described (m pages .‘il} and 3G. When 
the poles of the magnet arc properly e.xeited and rotated .so that 
their lines of force cut. acu’oss the conductors of the armature, an 
electromotive force must ncces.sarily be generated in eaidi individual 
coil. It is, however, possible that the armature coils may be so 
(connected tip that all the electromotive forces balance and give a 
resultant eipial to zero. Such a case might arise where an armature 
is wound with two circuits intended to be connected in series, 
as shown in Fig. 200, which by some mistake are connected as shown 
in Fig. 201. 

In .sohie polyphase armatures wound with re-entrant windings, 
it is possible to tind certain points that are always at the same 
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btcntiiil. If by iiny arcideiit those points \voi<‘.liroii{>lit out to 
ftniinals, instead of the points that are wiliest ajiart in potential, 
he result would be to give us a nuudnue whieli would gt'uerale no 
leetroniotive’foree. 

It is generally possible to ascertain whether an electromotive 
force is ))cing generated in one of tlie individual coils of a machine 
bv pricking through the insulation with the sharp points of the 
apparatus show'ii in Fig. 9, and putting a voltmeter in circuit.. In 
trying this experiment on a high-voltage generator, care must be 
taken not to get a shock from tlie high-voltage leads. It is best to 



A B C 

2<il. - itnimtiirtt wirtditi;^ as iti Fij.'. liiif willt lltf l\vn linivi-H ^ 

in 3 |»r«»|HTly riililirr tn). 


test a coil near the star-point if that point can be earthed, or .near 
to one of the terminals if the arrangements are, such as to ])crmit 
that terminal to be earthed. The coimections to the voltmeter 
shouiJ be made in a substantial manner while the generator is 
stationary. If the individual coil yields eleidromotive force while 
there is no electromotive force at the terminals, the best ])lan is t(» 
obtain a diagram of the winding as it was intendcd‘to la* madi*, 
and check it over coil by coil until the error is di.scovered.* 

An interesting ca.se was brought to the attention ol the author 
in ^America. Two generators were su])plied to the ,sam» -iiower- 
.station ty be driven by engines running at different speed.s. ()no. 
engine ran at 369 K.itM. and the other at 400 u.p.M. For convenience 
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of inamifacture,, the generators were both Iniilt upon frames of the 
same size and were similar in every respeet, except that one had 20 
poles and tlie otlier 18 poles. When the mac’liines were connected 
to the bus l)ars and run up to speed, it was found that*neither would 
generate any voltage, allhough the field-magnets were excited and 
the armature windings appeared to he in perfect order. The mystery 
rcmaiiKid uirsolveil until it was disc^jvered that the 18-pole field- 
magnet had been put into the 20-pole armature, and the 20-pole 
field-magnet into the 18-polc armature. 

Failure to generate sufficient E.M.F. at no-load. 

If an AX', general,or, running at the right speed and excited with 
normal field current, fails to generate sullicient K.M.i-'., it is a good 
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I'itv. 21*2.—Nn-Iitnd uiapnctizalion ami slmrt-oiriMiit charartoristii's of an A.C. 

jH'iU'ratof. '* 

plan to plot the no-load magnetization cairve aiid examine its shape. 
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In taking the no-load magnetizalion curve, an ainyieler is placed 
in the field circuit and a voltmeter (with its transhirmer when neces- 
sitry) in the armature circuit. Tho machine is run at its rateil speed, 
and the generated volts are observed (or various held eiyivuts, 
beginning with small values and going u]/to (iO ])er eeiit. above 
normal held current. The.se values, when plotted, should give a 
curve having the general shape of the magnetization curve given 
in Fig. 202. Normal voltage is generally rej)re.s(mte(l by a point, on 
the curve a little above tho knee. 

If the voltage generated is oidy about half of what is e.xjiected, 
it may be that two p.arts of the winding, which are intemled to be in 
series, are connected in parallel, or it may be that a winding intended 
to be connected in star has been connected in mesli. giving onl v '>7-7 ))er 
cent, of its rated voltage. These are niiittc'rs t hat are easily cheeked. 

It may be that the voltage is not (piite up to the rated voltage, 
though much more than one half of it. This may be due to any 
one of the following causes: (i) ,Some of the held coils .ire reversed ; 
(ii) .some of the Held coils are .short-circuited: (iii) .some of the 
armature coils are reversed, short-circuited or cut out : (iv) the iron 
of the magnetic circuit is unduly .saturated ; (v) the field ainmeter 
is incorrect!; (w) the voltmeter or the ratio of tran.sformation of the 
trairsforpier is incorrect; (vii) some mi.st.ike has been made in the 
measurement of the speed. 

Polarity of poles. After satisfying ourselves that all the 
in.struments are correct, the polarity of thi* Held coils should be 
(diecked. This can be done by pas.sing a current through the Held 
circuit while it is .stationary, and placing a short iron bar as shown 
in Fig. 203 from pole to pole. The amount of 
force taken to pull the bar aw.ay (from the jioles) 
slioidd be noted at each pair of poles. If any 
one of the field coils is reversed, thcie will be two At 

North poles or two South poles together, and their .. 

attraction upon the iron bar will lie very much A 
reduced. A compass needle may also be employed 
in che(!king the polarity of the poles, but, very 
great care must lie exercised not to bring it too 
near td the poles or the jiolarity of the needle 
itself may become reversed. 

If it is desired not only to check the polarity of the poles but 
to measure the difference of magnetic potential betweemcon.seciitive 
j)oles, a very satisfactory piece of apparatus is that jirofiosed. by 
Prof. A. P. Chattock.* It may be calleil a magneto-jiotentiomcter. 
It consists of a helix of cotton-covered copper wire wound over a 

* Phil. vol, 24, p. 5)4 (1887): and w'c Jourwil On- In-sfitaiioii of Ehririral 
Enfjhum, vol. .54, p. 43. * 
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flexil)le core non-magnetic material. The core can conveniently 
he made of four thicknes.se,s of 0-1 centimetre fuller board (untreated), 
say 2 oms. wide and 30 cms. long. These form a core, which’is 
sufficigntly flexible after it has been wound over completely with 
No. 32 cotton-covered‘wire*. A tape should be carried along the 
side of the core and looped back over the turns of wire at each end 
to prevent the turns from spreading. The ends of the wires should 
be .connected by means of twisted flexible leads to the terminals of 
a fiiix-nwfor (see Fig. 204). For delicate jueasurements where the 
flux-meter in found not snlHciently nensitive it may be replaced by 
a ballistic galvanometer. 



I'III. Hill. Vliix-inrli'r ooiiiirolril to Mii);n<'tn.|H>ti.|itinmi'ti'r. 


If it. is required to measure the dift'erence of magnetic jiotential 
of two points not more than 10 inches apart, the flexilile lielix of 
wire is bent until the ends are at a distance apart, equal to the distance 
between the two points in question. The ends of the helix are put 
as nearly as possible on the points A and li in Fig. 205, the difference 
of potential between which it is desired to measure. The flux- 
meter is tb.ui .sot at zero. The helix is then drawn quickly awav 
to a position whore there is no appreciable magnetic held, mid the 
two ends are so placed that the line joining them is at right angles 
to the direction of any slight field that may exist. The deflection 
, of the flux-meter is then proportional to the difference of magnetic 
potential between the two points A and B. 
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The instrument is most easily calibrated by straightening out 
the helix to its full length and placing it wholly inside a long solenoid 
wound with a known number of turns 
per centimetre *of its length. When a 
current is passed through the solenoid, ’ 
the difference in magnetic potential be¬ 
tween the ends will be 1-257 I xS xl, 
where S is the number of turns per 
centimetre in the long solenoid, and I 
is the length in con timet res of the 
inagncto-pofentiometer helix parallel 
to the a.xis of the .solenoi<l. When t lie 
current / is rvversnl, let the detlec- 

tion of the fluxjmeter be Dj; then one scale division of 
the Hu.x-meter cairresponds to a dilferencc of magnetic potential 
of 2'514/.S7,7>^. ()r if We prefer to inea.sure potential dilferencc in 

ampere-turns, one scale division corresjionds to 2/i''7/74,am]iere-turns. 
It is convenient to insert resistance in circuit with the flux-meter 
or ballistic galvanometer until the deflections read directly in 
ampere-turns. 

lOxAMi-i.E. Li i tlie fliix-inctcr lie luljiistcd liy the iiiscrf ion of resistance so that 
one sealeMivision corresiKinds to KX) nin|iere-turns. liend the helix into a horse¬ 
shoe sliape so tliat its enils can he Itrotjeht close ii|) apiinst the Hanks of two |iolc 
pieces iK-ar the air-pap of an alternator, one la-inf' apainst a North pole and the 
other apainst a iSonlh pole. J.et each of the poles of (he alternator he excited to 
otKK) anifiere-tiirns per pole, and let the Ilux-ineter he hronpht to zero, Sudilenly 
withdraw the helix ami lay it down at a point whi-re the inapnetic held is neplipihly 
Sinall. Let the throw of the tinx-ineter Ijp W) .scale divisions. Then the inapnetii! 
I'otential het.ween the two points at which the enils of (he helix rested is fKXX) 
ainpere-Inrns, showinp that ahont KXX) ainpere-turns are ahsorhed in the two fsile 
shanks and the yoke. If the ends of (he helix do not come (fnitc apainst the Hanks 
of the jioies, there will he a reduction in the dcHection eorres|Mindinp to the droji 
in inapnetic |iotentiul hetween the iron of the fioles and the ends of the helix. Where 
this is small, it can he aiiproxiiiiately calculated, and an allowance made for it. 

If an apparatus of this kind i.s kept in readiness, properly cali¬ 
brated, it can be u.sed conveniently to mea.siire tbe drop in magnetic 
potential between each pair of poles, tind it will reveal a weakness 
in any’pair of the poles whether due to deficiency in the number of 
ampere-turns or to undue reluctance * of part of the magnetic circuit. 

If there is a blow-hole in a cast-steel yoke, which causes undue 
saturation of the steel and a serious drop in magnetic pptential, the 
amount of the drop can be approximately measured by bringing 
the two ends of the helix up again.st the steel at opposite sides of 
the blow-hole (see Fig. 205). 

• Sco i>agtV 213 aii'l 200 as Ij tbo possibility tif eh ingiiig the length of the air*gap. 



Flo. I’O'V .Mfllioff i.f innisiir 
111)7 I 111* ililfi'h'liri* of ^*iH 7 iirti»' 
jiotvntiiil Ih*(wci*ii two points. 
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Short-drciiit of field cols. The test for short-circuit may be 
carried out as described on page 34. Sometimes a revolving field 
coil will be short-circuited or partially short-circuited when running, 
but not short-circuited when stationary. To check this, the resist¬ 
ance of the whole field eircuit should be very carefully measured 
when the machine is stationary, and again measured when the 
machine is running and before it has time to change its temperature. 
If it is found that the total resistance is normal when stationary 
and' has a lower value when running, there is an indication of a 
short-circuit, probably brought about by a movement of the coil 
due to centrifugal.force. One way of finding the position of the 
short circuit is to pass a heavy field current for seycral hours while 
the field-magnet is revolving, and then to stop the machine as quickly 
as possible and feel the coils by hand. It may be possible to notice 
that a short-circuited field coil is slightly cooler than the others. 
If, however, the short-circuit occurs only in part of a coil, say in an 
inside layer, it will not be possible to notice the resulting slight 
difference of temperature by merely feeling the coil by hand. It 
may, however, be possible to notice a slight change in the resistance 
of the individual coils, if a very constant current of small value is 
passed through all coils in series and the voltage, drqps in the 
successive coils are measured on a milli-voltmcter. In this case 
the drop in voltage is used as a measure of the mean temperature 
on the assumption that the coil is not short-circuited when the 
machine is stationary. 

Armature coils reversed. If a drawing of the armature winding 
is available, it will be possible to check the connections and direction 
of winding of each individual armature coil. Very frequently no 
drawing of the armature winding is available, and the investigator 
is thrown upon his knowledge of windings in finding out where the 
fault is. In order to check the correctness of the winding it is 
necessary in the first place to note very carefully the class into which 
the winding falls.* Whatever the number of phases of a machine, 
it is best to take each phase separately and deal with it as with a 
single-phase winding. For this purpose a- few coloured chalks will 
be of service—different colours being used for different phases. 
Bar round the field-magnet until the middle of the poles is opposite 
the middle of the phase bands that are about to be checked. Mark 
the poles >N and »S alternately all the way round with conrolcuous 
letters. Begin at the terminal of the phase that is being checked, 
and imagine a current flowing into the winding at that point. Let 
us say that this is opposite a North pole. Trace through the winding 
as far as possible by examination of the end-connections, and see that 
opposite all North poles the current is going inwards. It is best 

• See Sjxxijiealim and Dttign of Dynamo Eltciric JUaekinea, p. SV. 
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... ^ 

to indicate this with an arrow-head marked on the straight part of 
the projecting ends of the armature coils. Opposite the South 
poles the current ought to be coming outwards, and it may be indicated 
in the same w^ with arrow-heads on the wimh'n^. Sometimes, 
owing to the way in which the wires arc taped up, it is impossible 
to tell by external examination which way a wire passes around 
the coil. In these cases a continuous current may be passed through 
the armature winding and the direction of flow of current determined 
by means of a compass needle. Thus the direction of winding of 
each phase of the armature may be checked. The jilan of passing 
a continuous current through the armature and holding a comj)a.s8 
needle near each armature coil in succession will also imlicate which, 
if any, of the armature coils are cut out. 

Low voltage on load. 

Apart from defective regulation (as to which see jiagc 207), it 
sometimes happens that a generator whiidi yields its correct voltage 
at no-load will not yield its full voltagfc when loaded, even when the 
rheostat is entirely cut out and the speed brought up to normal value. 
This may be due to any one of the following rea.sons: 

(1) Tile power factor of the load may be, lower than the 
» power factor for which the ma(diinc was designed. 

(2) The exciting voltage may be too low. 

(3) The resistance of the field-winding may be too high. 

(4) Some of the defects mentioned on pages 191 to 194 may 

cuu.se the voltage to be lower than it otherwise would 
be at no-load ; but it is not until the generator is placed 
on load that the defect becomes noticeable. 

(5) The magnetic leakage between jioles on load may cause 

e.xcessive saturation of the pole-shanks; so that the 
magnetization curve on full load tends to become hori¬ 
zontal for high values of the c.xciting current. . 

The methods of ascertaining which of these defects is causing the 
trouble are sufficiently obvious, and have for the most part been 
already dealt with in this chapter. If the power factor of the load 
cannot Ixf improved, it may be possible to reduce the air-gap of the 
generator by one of the methods described on page 290. 

The resistance of the field coils is sometimes too high,’ owing 
to the temperature rise being greater than was anticipatefl. If the 
temperature is well within a safe limit, the simplest cure is to increase 
the voltage of the exciter. This may be done by adding a few scries 
turns to the exciter field poles. Sometimes these coils can be pe^itly 
wound'over the shunt coils by the use of well-insulated flexible cable. 
Before this expedient is 'esorted to, it should be definitely ascertained 
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that the exciter voltage is not unduly low, owing to some of the 
defects mentioned on page 290. 


Yoltage too high. 

ff, after checking the voltmeter, the transformer ratio, the field 
ammeter, and the speed-counter, it appears that the voltage of the 
generator is too great, it is well to take a no-load magnetization curve 
as, described on page 191. It may be that the voltage generated is 
about twice as high as it ought to be, owing to there being two parts 
of the winding in s<‘,rie8 wliich arc intende(l to be in parallel; or it 
may be that a winding intended to be connected in mesh has been 
connected in star. Apart from accidents of this kind, it is 
very rarely that, a nunhine generates much more than its rated 
voltage. , 

Unsteady voltage. 

It sometimes happens that the voltage of an A.C. generator is so 
unstea<ly that incandescent tamps fed from it change their candle- 
power from moment to moment. If the undue lli(.-kering of the lights 
occurs at instants when the load is changing, it may i)e due to the 
poor regulating quality of the generator (ace page 20’/'), Flickering 
of lights sometimes occurs on machines of very good regulating 
qualities owing to the instability of the exciter. As explained on 
page 244, when a D.C. generator is running at a voltage below the 
knee of the magnetizjition curve, the voltage is very unstable, so 
that small changes of speed (smdi as might occur through the operation 
of the governor) or small accidental movcmenls of the brusluis on the 
commutator may bring about fluctuations in the exciting voltage 
and lead to flickering of the lights. The stability of an exciter 
can often be improvccl by the simple expedient of rocking the brushes 
forward ; because with the brushes forward there is a demagnetizing 
effect on the field (see page 252), and it is necessary to increase the 
field current to get the desired voltage. This increases the leakage 
and gives furthdr stability to the exciter. Where the instability of 
the exciter is too great to be cured in this way, it may be possible 
to add a rheostat or a permanent resistance in circuit with the main 
field current. This raises the exciting voltage and gives-stability, 
but it reduces the efficiency of the plant. The best cure is to add 
stability plates to the field-magnets of the e.xciter, as described on 
page 293., Another possible cauk; of flickering of lights or unsteadi¬ 
ness in .the generated voltage is a loose contact either in main field 
circuit or in the field circuit of the exciter. These circuits should be 
car^f^lly tested and all contacts tightened up. There may be an 
intermittent break in the field-windmg: for the method of dealing 
with this see page 30. 
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Unbalanced phases. 

On page 162 are set out the conditions tliat must obtain in order 
tha't the phases,of a polyphase system shall be balanced. A want 
of balance may be due either to a defojit iiji the generator or to a 
defect in the method of loading it. With defects in the load we are 
not concerned here. Jf at no-load the voltages between terminals 
are balanced as to both magnitude and })hase (see ])age ItiS), and 
it is found that on load the currents are unbalanced, there is evidence 
that it is the nature of the load that is at fault. This can be con¬ 
firmed by measuring the voltage on each pha.se while the load current 
is flowing. If it is the nature of the load that is causing the trouble, 
we shall find that the voltage drop is greatest on those phases which 
are taking the greatest wattless current. If it is the generator that 
is at fault, then the pha.sc that is yielding the greatest current will 
have the greatest, voltage. 

A dissymmetry in the winding may occur in the original design 
or by mi.stake in mamifacture, or it may be caused by an acciilental 
cutting out of part of the winding. The accidents of short (dnniit 
and open circuit are dealt with in Chapter 1. A measurimuuit of 
the resistance per phase and a com])arison with the original test date, 
or a measurement of the insulation resistance, will usually reveal the 
exi.stencoiof a defect if it has occurred since the machine was completed. 

Let us a.ssume that no ac<hleut has happenetl to the winding, 
and yet it shows di.s.symnielry between the pliase voltages when the 
generator is run at no-load. The first step is to find out the nature, 
of the dissymmetry. If the generator is a star-connected thre<!- 
|)ha.se machine, the voltage of each phase shouhl be measured to the 
star-point. Any inequality must be noteil, the didective winding 
traced through slot by slot, and the connections conqiared with a 
diagram of the winding if one is available. Jn doing this it is well 
to use coloured chalk to mark the (.oils of each jihase as they arc 
traced out, arrow-heads being used to indicate the way a current 
would pass on its way to a terminal. When t he tracing out is com¬ 
pleted, the relation of the phases to one another is clearly exhibi^d 
liy means of the colours and arrow-heads. If no diagram is available 
the “ throw ” of coils must be noted and the connections between 
coils checked to see that the polarity of all the coils is correct. On 
coil-wound machines it is very easy for a coil to be conneejod in the 
wrong way ; so that its electromotive force is subtracted from that 
of the others instead of being added. o 

The electroniotive forces measured to the star-point* may» all 
be equal, and yet the terminal pres.sures may be unequal. If this 
is found to be the case it shows that the phase di.splacemcnl. of the 
star Voltages is not correct. This may be due to some of the coils 
being in the wrong slots. 




If the generator is mesh-connected the mesh should be opened 
at the comers and each part of the winding tested separately. A 
good way of checking the phase displacement of the separate phases 
18 to.connect them temporarily in star. In doing this one may 
adopt the following plan. Go round the mesh, say clockwise, and 
mark the ends plus and minus so that the end of a phase by which 
we enter is plus. Then connect all minus ends to a star-point, and 
bring out the plus ends to terminals. If the phase of the voltage 
generated in each limb is correct, the voltage between terminals 
will be balanced. The nature of any departure from symmetry 
can be stydied by drawing the vector diagram in which the voltages 
as measured are set off to scale. 


On ordinary .three-phase generators in which the number of 
slots per pole is divisible by three, it is very Barely that a mistake 
is made in the winding which leads to a dissymmetry. It is on wave- 
wound machines having a number of slots per pole which is fractional 
or not divisible by three, that mistakes are more likely to be made. 

The complete consideration of the rules for obtaining symmetrical 
polyphase windings, with various numbers of slots and poles, is more 
within the province of a book on design than of this book. All 
that will be attempted here is a description of a ready method of 
ascertaining the amount of departure from symmetry that may 
be expected in any winding that does not conform strictly to recog¬ 
nized rules. The relations between the number of slots and number 


of poles that give the possibility of a perfectly symmetrical winding 
'of a given number of phases is fully dealt with by Dr. S. P. Smith 
in his paper on “ Theory of Armature Windings.”* 


*Joiir. iii.tt. EUr. h'lujiiirers, vul. 55, i,S (IDH)). Sdo also Whittuker’.s EUdrical 
Ptich’t fimL 

the total miiubt^r of sloU bo <lonoto<! by S, tho iiuiaU'i- of |K)Ie-pair8 by p, and the 
hightut conniion factor of S and p by F. l.et 

S p , 

N'aml', »*■ 

L('t ^ bo tbo iiu'Hn angular phuoe dLsplaoement boiwoon the pii'sdiire:} induood in 
8Ucoi'8«ivo coils in tho winding. 

The condition iiocoiwaiy for the oxiatonco of a syihmotrical win<ling ia that the auni of 
tho <do(^tromotive forooa in all coila connectotl ao oa to form a (loscd mesh shall be zero. 
Tbia condition is fiiltilled if radians. 

In orrlor that auch a winding .Himll bo a aymnioti-ioul A'-phaae winding wo must fulfil 
the further condition that S' .shall bo exactly diviaiblo by A’. 

We then get N equal phases displaced from one another t»y the angle 
, S'^flN ^2jr/*V 

Furthor,^if p' ■■ hN± 1, wliere n -0, 1, 2 or 3» etc., then 
p'/f “(«A’± I)2ir/A' = + 2ir/A' - 

That ts to say the same {KMitions are obtainable in the hold for X phases with p' pole-paira 
a.s with one jxilc-pair. This is not jiosaible if p' in a multiple of N, for when p' 
p'^-niV(2irAV)-0. 

The same result can be de<luced from the fact that S' an<f p' by doHnition have iu> 
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By referring to Dr. Smith’s formulae and tables we can see at 
once whether a strictly symmetrical winding is possible under the 
prescribed conditions, and in cases where it is possible we can check 
over the winding under investigation and see whether it complies 
with the rules laid down. 

Most commonly there are an integral number of slots per pole- 
pair. If this number is not divisible by 3, it is not possible to make 
a three-phase winding which will comply with the strict rules. 
Nevertheless, it is often possible to make a winding which is so 
nearly symmetrical as to be perfectly good for all practical purposes. 

Unsymmetrical windings which depart from symmetry by a 
negligible amount. One not uncommonly meets with a winding of 
this kind in practice,* and it may be necessary to check it over and 
ascertain the extent of the departure from symmetry. 

A good method of doing this is to lay out a diagram like that 
given in Fig. 200. Each horizontal line on the diagram represents 



Fiu. 20fi - Method of lading out a l!iree-|ihiiw; arin.*tun' winding lying in Ifi hIoUi 

I ter |R)lc (IK Holes), m onler l<i aseertain the amount of deviation from |M'rfeet 
lalancc. The shaded nquarefi rejireiftmt empty Hlot-a. 


the lay-out of the slots opposite one pole-pair. In .Fig. 208 there 
are 16 slots per pole (32 per pole-pair, a number not divisible by 
three). The successive lines show the arrangements of phases in 
front of successive pole-pairs. The hatched squares indicate slots 
which are left vacant, and the thick lines divide the slots belonging 

to one phase from those belonging to another. Thus, of the 16 .slots 

« 

common factor greater than unity, and since .S’*/A" U to be an integer, it follows that p'fH 
cannot be an integer. The permissible numliers of slote and coil-sidcs fier in l.Ap and 
Wave doubledaycr windings to obtain 3, 4 or 6 syininetrical phases with various numbers 
of polo-pairs have been worked out by Dr. S. P. Smith, and given in tahles in his paper. 

In coses where there are an integral number of slots per jiolc-pair, F equals p ; so that 
p'~i. In these cases the number of slots per ]>air of poles (must be divisible ny N. 
Where F is greater than one its value gives us (he number of circuits of exai^tly the same 
electromotive force and phase that occur in the winding. These circuits tna}' b*) emoectod 
cither in series or in parallel. 

• See Specification an^ Ik^gn of iJynamo-Eleclric Afachinert/f pp. Ifl6, 107, 
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opposite the North pole of tie first pole-pair, 1, 2, 3, 4 and 6 belong 
to phase -B. ‘Number 6 is empty. Numbers 7, 8, 9, 10 and 11 
belong to phase A, and 12, 13, 14, 15 and 16 belong to phase —G. 
Of the 16 slots opposite the South pole of the 8th pole-pair, numbers 
1, 2, 3,’4 and 5 belong to phase B, number 6 is empty, numbers 7, 
8, 9 and 10 belong to phase -A, and numbers 11, 12, 13, 14 and 15 
belong to phase C, while number 16 is empty; and so on. It 
is required to know whether the phases are balanced, and if not 
balanced what is the maximum deviation from symmetry. 

Method of moments. The shortest method, and one which is 
sufficiently accurate for practical purposes, is one based on the 
assumption* that the sines of small angles are proportional to the 
angles, and that the ratio between the cosines of two nearly equal 
small angles is equal to unity. A more accurate, method is given on 
page 201, but it need oidy be resorted to in special cases. T'he simple 
method is to regard sill the wound slots of any one phase as equal 
weights distrilnitcd as shown by the white squares in Kig. 206, and 
to find the centre of gravity of these weights. If this falls upon 
the dotted line which represents the correct position for the 
centre of the phase in question, then the angle of displacement 
between the phases is correct. It should be noted in the first 
place that all phases have the same nund)er of conductors, and 
that the great bulk of the conductors of each phase fie near 
the correct position for the centre of the phase (shown by the 
dotted lines). The differences between the arrangements of 
conductors of different phases are confined to comparatively few 
conductors on the outskirts of the phase-bands, and these ragged 
outskirts have a width of only about one slot pitch. These (a)nditions 
are necessary if the sine and cosine a.ssumptions mentioned above 
arc to be approximately true. 

To find the centre of gravity of any phase, ,say phase C, take 
moments about any line, such as EF. EF is in this case taken through 
the centre of a slot space immediately to the right of slot l(i. We 
then have 

7x1 - 7 

9 * X 2 18 

9 X ;{ « 27 

!» X 4 - 36 

■ 9 X 5 - -15 

1x6 - 16 

* 

■ 

NQW.,the correct position for the centre of phase C is 3J slot- 
pitches away from the line EF, This is arrived at as follbws: 
' The correct position for the centre of phase -.<4 is mid-way between 


1.39 
44 ' 


31591. 
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slots 8 and 9. Each slot-pitch occupies degrees. Tljerefore 00 

60 X 16 

is* represented by -03 slot-pitches. Therefore the dotted 

line through phase C should be one-sixth of a slot-pitch to the left 
of the centre line of slot 14. 'I'he difference between 0-l(i66 and 
01591 is 0 0075. The phase di.splacenient worked out in this way 
180 

comes to , ,,-x 0'0075 =0'084'’. The displacement, of phase li is 
10 

0 084° in the opposite direction. 

If we may assume a sine-wave field-form we can calculate exactly 
the deviation from symmetry. Assigtnng to each slot its phase 
angle 0, that is to say the angle between it, and the correct, centre 
of the pha.se-band, and taking the sines ami cosines of these angles, 
we can make an exact .summation of all the electromotive fonsss in 
quadrature and all the electromotive forces in jcha.se. The method 
of working will be .seen from the example given below. 

Taking first phase C : 
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Then the angle of deviation is the angle whose tangent is 

-tan '() ((01.855 0 078 . 

42'28 

This agrees sufficiently well for practical juirposes with the rcfkult 
obtained by the method of moments. 

In order to get exact figures for the relative amplitude of the 
electromotive force in pha.se A, H and (/, we must assign the angle 
0 betwhen the centre line of the phasc^-baad and the slots 0, 7, 8, 9, 
10 and 11. Then multiplying the cosines of these angles by the 
number of conductors at each point, we obtain the vahfe 42’19 as 
against the value 42‘28 for phase's li and C. Thus we find that the 
amplitude of the electromotive force in phase A is lei^jc than the 
amplitude of electromotive force in II and C by an amount somewhat 
less than 1 part in 400. 

^lie winding to which Fig. 200 refers has only one conductor per 
slot. If there were a number of conductors per slot it would be’ 
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possible to balance the phases still more closely by chanmg the 
number of conductors in some of the slots until the centre of gravity 
of the phase-band lav exactly on the dot^d line. At the same time 
the amjplitude of each phase can be adjusted to a nic4ty. 

The presence of empty slots may be due either to the fact that 
there are more slots in the iron punchings than are wanted for the 
number of conductors chosen, or to the fact that they aid in balancing 
the,phases. A great deal of ingenuity can be expended on the 
distribution of empty slots, particularly when there are more of them 
than are needed to balance the winding. The plan generally adopted 
when dealing with the problem by the method of moments is to regard 
an empty slot as creating a negative moment, ^which .should be so 
placed as to assist in the balance. If it can be placed exactly on 
the dotted centre line its effect is zero. The further it is placed 
from the centre line the greater its effect. When there are too many 
of them, they may be made to balance one another on opposite sides 
of the centre-line. 

Change in the number of phases. 

It sometimes happens that a generator wound for a certain 
number of phases must be rewound to adapt it for a circuit in which 
the number of phases is different. At the end of the last century 
and in the early years of the present century, before the advantages 
of. the three-phase generator were completely understood, a large 
number of two-phase generators were installed in the United King¬ 
dom, America and other countries. Many of these machines have 
since been converted into three-phase machines, and there are still 
some left which may be converted in the future. When the number 
of slots per pole happens to be a multiple of three, it is possible 
to put in a standard three-phase winding. In the case of wave- 
wound machines such as often found in low-voltage generators— 
where the winding is of the type that might be closed on itself like 
a continuous-current machine, and in which the different phases are 
obtained by opening the winding at suitable points and bringing the 
ends to terminals, or in the case of mesh-wound armatures by leav¬ 
ing the winding a closed one and bringing out taps to the terminals 
—no special difficulty arises in changing from one number of phase to 
another, provided the number of slots per pole-pair is suitable (see 
page 108). But iu the cases where the number of slots per pole 
(or per pair of poles) is not a multiple of three, and where the total 
number of. slots is not suitable for a closed circuit winding, there is 
sometimes scope for a great deal of mgenuity in adapting the available 
slots BO as to get a winding to give the right voltage, and at the same 
time preserve the balance of the phases. ^ 

The first step is to find approximately the number of conductors 
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required. In changing from a two-phase open type (phase-band 90°) 
armature to a three-phase star-connected (phase-band 60°) armature, 
the total number of conductors will in general be reduced to 0'81 
times the number required for the two-phase machine. The number 
of conductors per ‘phase will be only 0 54 times the conductors per 
phase in the two-pliase machine. If, however, the machine has a 
closed windmg and the two phases are obtamed by tapping off at 
diametral points on two diameters at 90° to one another, and it 
is proposed to make a three-phase machine by tapping off at throe 
points, 120° apart, then the three-phase voltage will be only 0’865 
of the two-phase voltage, so that if the same voltage is required 
the number of conductors in the mesh-connected armature must be 
increased. The total number of conductors in the three-phase 
mesh-connected armature will be 115 times the conductors in the 
mesh-coimected two-phase armature. These numbers are based 
on the assumption that the saturation of the magnetic circuit is to 
be the same for both machines. It will, however, be found in 
practice (especially when dealing with machines designed many 
years ago) that the state of saturation can be changed a good deal 
without seriously affect ing the performance of the generator. Where 
a generator h.as been very liberally designed and has a very weak 
armatyre, tiie number of conductors may be increased somewhat 
above tlie figure pre,scribed by the above considerations. On the 
other hand, where the saturation of the magnetic circuit in the old 
machine is rather low, it may be an advantage to decrease the total 
number of armature conductors. The bc.st plan is to take the, 
magnetization and short-circuit curves of the machine and note the 
state of saturation at normal voltage and the amount of armature 
reaction. It can then at once be seen whether it is an advantage 
to depart from figures given above, and how far one may go m 
fixing the numbers to suit the arrangements that inay be necessary 
for the purpose of balancing the phases. 

Where the number of slots per pole-pair is not divisible by tliree, 
it is not po.ssible to comply with the strict winding rules referred to 
on page 198. It is, however, nearly always possible to devise a 
Avinding which will give the right voltage at the right saturation 
of the field-magnet, and at the same time be sufficiently symmetrical 
for all practical purpo.ses. The metlnxl of moments described on 
page 200 will be found of great service in complicated cases in getting 
the best possible distribution of the slots between the various phases 
and in the proper placing of empty slots. A diagram like that ^ven 
in Fig. 200 reveals at once a number of equivalent alternatives, 
some of which may be much more convenient to carry out than 
otlfers. By choosing the right alternative it is sometimes possible 
to use over again a large number of the old two-phase coils in th% 
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new three-phase .winding, thus saving the difference between the 
value of scrap coils and new coils, as well as a great deal of labour 
and time. 

Bad wave-form. 

It may happen that the wave-form of the e.m.f. of an A.C. 
generator contains higher harmonics of con.sideral)le amplitude. 
Undue stress imiy !)e thrown upon tlie insulatipn of the system, 
cs])ccially upon the insulation of certain lengths of cables whose 
inductance and caj)acity is of an amount to cause resonance with 
one of the higher harmonics. A fundamental frerpiency of 50 cycles 
is not in general high enough to l)ring about resonance in ordinary 
cables. Hut when, a high harmonic (say tlie 23rd harmonic) is 
prcs(!nt and is of considerable amplitude, the induolance and capacity 
of certain feeders may l)c such as t» bring al)out marked resonance 
effects, h’ig. 207 shosvs the no-load wave-form* of tlie e.m.f., a 
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generator having si.v .slots jier ])ole. When this generator was 
switched on to certain cables whose cajracity was .such as to give 
• partial re.sonance with the 13th harmonic, this iiannonic was 
very much amplilied, as shown in Fig. 208. 'Die greatest danger 
occurs when for any reason the generator speisl is varied over 
wide limits; because all the re.sonance points that lie between 
thesii limits belonging to dilferent cables on the .system must neces¬ 
sarily be passed through. For this reason it has been ftVund very 
undesirable to start u[> and bring to speed a fully excited generator 
that is connected to a transmis.sion line. It is (juite likely that, 
at some .sjK'cd between zero and full speed, resonance will occur 
between oik of the. harmonics and the natural periotl of oscillation 
of some branch of the distributing system. The breaking-down 
of cables has' occurred through the slowing down of generators or 
synchronous motors connected to feeders. A case tliat may happen 
is the following: A syirchronous motor is running light at the end 
of a long feeder, which is protected at the power-house end by a 
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circuit-breaker. For some reason tlie circuit-breaker is opened, 
and the motor slows down, being fully excited aild still cencedont 
to the feeder. As it slows down, all the harmonica on the k.m.K. 
wave-form gKulually decrease their frequency, until one of them 
reaches the resonance frequency of the feeder and the voltage rises 
to a point high enough to break down the insulation. 

The most common cause of jtronounced higher harmonics in 
synchronous machines is the existence of open slots in the stator, 
especially when the shape of the field-forTii is .such as to make liigher 
harmonics in the lield-forin of the same order as those jmxluced 
by the stator slots. Even when the slots are closed, or .semi-closed, 
the fact that the conductors of the armature are spacsd at dermite 
intervals, instead of Ix'ing uniformly di.stributed, may give rise 
to pronounced harmonics in the wave-form of the K.M.K. 

If the field-form of a generator were of pure sine-wave shayie, 
then it would not matter how the conductors on tlu' armature were 
spaced ; because the summation of any number of fundamental 
sine-waves, whatever their phase, can only give a ])ure sini' wave. 
If, however, the lield-form contains any harmonic having a certain 
amplitude, the .s])iicing of the winding may be such as to |>ick out 
that harmonica and reprcxhice it in the k.m.k. wave-form with un¬ 
diminished anqilitude in relation tothe fundamental. Itisimportant 
to be ifljlc to recognize the kinds of spacing^jf the armature conductors 
that ])roduce these elTects. 

The matt(!r can be shortly stated as follows: The danger arises 
wheji the number of slots per pole is a whole number, say Q. If 

I * 

the nund)er of slots per ))ole is fractional, say Q I wIkto p is the 

number of pairs of poles, the dangc'r is avoideil. 

Taking the case where the number of slots per pole, is a whole* 
number Q : if we have, a pronounced /<"' harmonu^ in the field-form, 
where k = 2f,l± 1, that, harmonic will be picked out by the conduidnrs 
and reproduced in the k.m.k. wave-form with undirninished intensity ; 
because the winding fact(»r (or breadth coeili< ient) for that harmonic 
is the same * as the winding factor (or breadtli c.()cHi(uent) for the 
fundamental sine-wave form of the field-form. 

h generally ha{)pens that the amplitude of /i"‘ harmonic in 
the field-form is small when h is great. Thus the amplitude of 
the 5th harmonic is commonly smaller than that of >lie 3rd, and 
the 7th is often smaller than the 5th. When the number of slots 
per pole, Q, is great, one does not expect to get trouble from marked 
ripples in the e.m.f. wave; because one hopes that the (2(,>-t-I)“‘ 
and the (2^-1)"' harmonics in the field-form are of small amplitude. 
Tllis, however, may not be the case. If there arc tc'Cth on the ■ 
• •• 

* See Smith anti Voultling, Jomn. hint. Eke. EnghiftrA, vol. 53, p. 205 (1015). 
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surface of the field-magnet' so spaced as to make these harmonics 
have considerable amplitude, that amplitude will go through to the 
E.M.F. wave-form, notwithstanding the high value of (2Q-1-1). 

It can be shown * that the winding factor for 'the (2Q±3)*'‘ 
harmonic is the same a?'for the 3rd harmonic. This is zero on 
a three-phase stator as usually wound, but may be as high as 0-7 
in the phase voltage. For values of winding factors for various 
numbers of slots the reader is referred to the tables given by Dr. 
S. P. Smith and R. S. H. Boulding in their paper quoted above. 

The ripples in the e.m.f. wave-form arising from the spacing of 
the armature conductors, as stated in the preceding paragraph, 
have been caflled by Smith and Boulding ‘ spacing ripples,’ to distin¬ 
guish them from ‘ tooth ripples ’ that arise from the rapid pulsations 
and oscillations of the field flux caused by the .movement of the 
poles in front of the projecting armature teeth. When a pole is 
well shaped, so as to make the field-form sinusoidal, the effect of the 
projecting teeth is much reduced. It is however very difficult to 
shape a pole so as to completely eliminate the tooth ripple. The 
best plan is to skew the edges of the pole through exactly one slot 
pitch. Where the pole is provided with a bevel, the whole bevel 
must also be skewed exactly one slot pitch. A template should 
be prepared which gives the profile of the pole as seen in a section 
on a plane at right anglef'to the axis of rotation. This template 
should fit the pole on any section on a plane at right angles to the 
axis and to do this the template must be moved through a slot pitch 
^ in a circumferential direction as it is slid from one end of the pole 
to the other. Even when the greatest care is taken to shape the 
pole in this way it will be found that the field-form under a part of 
the pole at one end is not identical with the field-form under the part 
< of the pole at the other end, because the state of saturation of the 
teeth is affected by flux which enters them in an axial direction. 

Tooth ripples may be caused by slots in the pole face such as 
made for the purpose of inserting damper rods. If these slots have 
the same pitch as the armature slots the effect may be very pro¬ 
nounced. After the poles have been manufactured it may be a 
very difficult matter to skew the slots in the pole. The effect of 
such slots can be minimized by altering the spacing of alternate poles 
through one half of a slot pitch. Leaving all the North poles where 
they are, all the South poles may be moved circumferentially through 
one half of a slot pitch. The mechanical arrangements necessary 
to enable this tfhange to be made may be somewhat difficult. Where 
the poles are solid it may be possible to arrange for new holes to be 
drilled in the yoke or spider the centres Ijdng in a new plane at right 
angles oil the axis at a sufficient distance from the plane of the old 
* Seo Smith and Boulding's paper, ibid. , 
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holes BO as to avoid the difficulty of drilfing new holes with centres 
too close to the old ones. 

Retrolstion. 

A.C. generators are often sold with a guarantee as to the. percent¬ 
age of variation of voltage between full load and no load, or from 
no load to full load. 

" Regulation up." Where the guarantee is expressed by giving 
the percentage rise of voltage that will occur when full load at some 
Stated power factor is thrown off, the guarantee is sometimes spoken 
of as relatmg to “ regulation up.” 

“ Regulation down." Wiere the guarantee is expressed by giving 
the percentage fall in the voltage that will occur when a machine, 
running light, is subjected to full load at a stated power factor 
suddenly thrown on, the guarantee is said to relate to “ regulation 
down.” 

In both these cases the guarantee is usually given on the assump¬ 
tion that the speed and excitation remain constant. 

Where a machine apparently fails to meet the guarantee, the 
first step that should be taken is to a.scertain how far the variation 
of voltage on change of load is due to change in speed and change 
in excitation. The change in load invariably affects the speed 
of the prime mover; and where a machine is excited by means of a 
direct-connected exciter, a comparatively small change in speed 
may bring about a very considerable change in the exciter voltage. 
This is due to the factors di.scussed on page 245. In dealing with 
matters relating to the exciter, the reader is referred to the chapters 
on I).C. machines. Where the guarantee has been given on the 
basis of constant excitation, and it has been found that the exciting 
current changes with the load, it is permissible to restore the field 
current by means of the rheostat and read the change in voltage 
when ruiming at the original field current. If the guarantee has been 
given on the basis of constant speed, it is legitimate to assume tlmt 
the voltage changes in direct proportion to the speed, and to make 
a correction accordingly. 

If, after these corrections have been made, the regulation does 
not fall within the guarantee, we are led to enquire mto the shape 
of the magnetization curve and the short-circuit characteristic of 
the generator. The way in which these matters affect the regulation 
of machines can be shortly stated as follows: 

Graphic construction to determine the fhll load field current. It 
is perhaps best in dealing with this matter to take an actual case 
so that concrete values can be given. We will take the ease of a 
SOO-Htw. 3-phase star-connected 2200-volt generator intended for a 
load whose‘power factor is 0-75; so that the k.v.a. rating of the 
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machine is 066, and the lull-load current 176 amperes. Let the 
no-load magnetization curve of the machine be given by the curve 
in B'ig. 202. We will suppose that the^ effective armature ampere- 
turns per pole * at full load are 3380. We will 'further suppose 
that the resistance pet* pha.se measured from the star-point to 
one of the terminals of the armature is O'lOO ohm, and that the 
resistance drop in one phase of the armature is O'lOO xl75=19‘l 
volts, or 19'ixl-73 -33 volts at the terminals, so that the 
resistance drop is 1-5 per cent, of the normal voltage. We 
will further suppose that the magnetic leakage that occurs in the 
armature slots and around the end-windings at fidl load amounts 
to 7 [)er c6nt. of the working flux, so that we jnay take the reactive 
drop in the whding at full load due to the self-induction of the 
armature at 7 per cent, of 2200 or 154 volts. ^ we set off from the 
origin in Fig. 209 a horizontal line 01 to represent to scale 175 
amperes, we may mark off on this line a distance, OR, to represent 
to scale the 33 volts droj) in tlie resistance, and another line at right 
angles to this, RL, to represent the reactive drop of 154 volts. We 
then arrive at OA, which gives to scale the impedance drop, equal to 
157 volts. 'I’his is the voltage that must be generated in the armature 
when running on short circuit in order to drive a full-lpad current 
through the armature. 

lict us suppose that there are 00 turns per pole in eac,h held coil, 
so that the ampere-turns per pole required to generate 2200 volts 
at no-load arc obtaimMl by multiplying the field current 84 x 00 5040. 
It will be seen from Fig. 202 that it requires about 5 amperes e.vcita- 
tion to generate 157 volts at no-load, .so that the effec-tive aTnf)ere- 
Dirns for this voltage are 5 x 00 ^ 300. When t In; machine is running 
on short circuit, however, the (current is lagging Icy an angle of 78"" 
behind (he generated k.m.k., and the armature applies denugnetizing 
ampere-turns ecpial to 3300. We can now set; out the 300 anqcere- 
turns rcHpiired to generate the voltage OL at right angles to OL, 


3300 Ar. _ 
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as shown by the line 01, in Fig. 209, and also the 3300 ampere-turns 
on tud field-magnet required to overcome the armature tursps, as 

• See Specification and Design of Dynamo-EUciric Machinery, p. 282. 
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shown by tho line parallel to 01. ’I'he sum of these two, 08, 
equal to 3592, gives the total held ampere-turns per pole required 
to drive full-load armature current through the armature on short 
circuit. Dividing this by CO turns, we g(>t about 59 ampere.s for the 
field current on short circuit. The short-circuit characteristic to 


be expected in this machine is given by the line 08 in Fig. 202. 
The short-circuit characteristic is ordinarily obtained by a test on 
the machine carried out as follows: The primaries of three series 
transformers are connected between the terminals and a condiKitor 
which short-circuits the three terminals (.sec Fig. 210). The secon¬ 
daries of these transformers are 
brought to switches l)y which they 
can be successively connected to 
an A.C. ammeter. A D.O. ammeter 
is placed in the field circuit; the 
machine is run at full .speed, and 
readings are taken of the armature 
amperes at various e.xcitations. If 
the machine is jrerfectly symmetri¬ 
cal, all the three armature currents 
will be idcntic.'il. In practice one 
finds that through dissymmetries 
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there are slight diflerences betwiaui 
the currents. 1 n this case it is usual 
to take the average current to repre¬ 
sent the short-circuit value at any 
particular e.xcitation. When dealing 
with armatures having a very low' reactance and resistance, care must 
be taken to see that the total imjiedance of the series transformer 
taken in conjunction with the A.(.'. ammeter is negligibly small in 
comparison with the armature impedance. If this is not so, the 
armature current will be smaller on short circuit through the trans¬ 
formers than it would be if they were absent. It is quite easy, How¬ 
ever, to correct the results by calculation if the impedance of tho 
ammeter is known. Care mu.st be taken that none of the cables 


employed to carry out the connections in Fig. 210 embraces an iron 
circuite If, for imstance, in making the connections one of the cables 
to a series transformer embraces the pedestal of the bearing, the 
self-induction of the cable will be increa.scd, and this wiil'lead to an 
unsymmetrical loading, e.specially in the case of low'-voltag'c machines 
where the current is high. W'here one ammeter is connected to the 
series transformers in succession, it is a good plan to short-circuit 
the secondaries of the other transformers through an impedance 
of sfa amount equal to the impedance of the ammeter. It is possible 
that the ^hort-circuit characteristic of the 500-k.w. generator, parti-* 
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culars of which ^re given above, might come out as shown by the 
curve OS', which is slightly concave on the upper side. This concavity 
of the short-circuit characteristic is caused by the saturation of the iron 
of the aymaturc teeth and the consequent reduction of the reactance 
at higher currents. In practice one employs the short-circuit charac¬ 
teristic obtained from test rather than the calculated characteristic. 

The simple short construction to find the full-load exciting current 
at any power factor is as follows: Lay off a horizontal line, as 
01 f in Fig. 211, to represent to scale the field current required at 
normal voltage. This will be taken from the no-load characteristic ; 
it will be 84 amperes in our case. At right angles to this set off a 
vertical line l,K to represent the phase of this terminal voltage; 



and to the right of this set off the angle of lag as .shown in Fig. 211. 
For a power factor ()'75 this would be 41 ’4“. 'riicn lay off tlie line I,If 
equal to tlie field current requireej to drive full-load current on short 
circuit. This will be about .59 amperes in our case. Then 01 f is taken 
as the field (uirrent required .at full load at the stated power factor. 

This simple construction, though sutiicient in many practical 
ca.ses, leaves out of account the fact that the impedance of the 
amvature, in (tailing for a generated voltage rather higher than the 
terminal voltage, causes the field system to be more saturated than 
it would be if the terminal voltage only were being generated ; and 
thus the effective field amperes required to generate the voltage 
necessary to overcome the impedance of the annature will be greater 
than they would be if the field had not been so saturated. A more 
accuratr^ cqnst ruction,* therefore, is as follows: Lay off the line OEi 
to represent the terminal voltage 2200 to scale, as in Fig. 212. To 
the right of this .set off the armature amperes 01 „ lagging by the 
required angle. Lraw the line E,E, at right angles to 0/„ to repre- 

* WhiMi llu’ gnuTiitttr hus Boliuiit im»U' 8. it is luc saury to inr.ku a fiirtlur ouinHition 
to allow io\ lh<‘ jfnnttT reluctance for the cross lliix. Tliis cun be (lon<‘ in the niofincr 
Mhi8trat4'(l in Fi^s. US to V^O, hut in the c«8c of a generator 01 must be drawn down¬ 
wards from 0 . 
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sent to scale the reactance drop in the armature, and the line EJS, 
to represent the resistance drop ; then the line OE, represents the 
Toltage required to be generated-in the armature. In our ease OE 
comes out at* 2290 volts. Referring to the magnet!ration curve, 
Fig. 202, we see that to generate 2290 volts at no-load would take a 
field current of 95 amperes. It is known, however, that when 
running on full load the leakage from pole to pole is considerably 
greater than at no-load; so that the ampere-turns absorbed by the 
iron of the poles and yoke are greater at full load than at no-loml. 



Krj. 212. : 1 j. 20 aiiijM-rcs ; 1 ctjj. . volts. 


sven for the same voltage generateil. If we had all the design data, 
we shotild be able to make an allowance for the extra ampere-turns 
30 required, and we should find that the magneti/ation curve for 
i given load at a given power factor would lie to the right of the 
:io-load magnetization curve for full load 0'75 power factor. The 
aew magnetization curve might be that indicated by NN' is Fig..202. 
iVhere no exact design data are available, an estimated allowamxj 
uay be made for this increase of field current due to the iijcreased 
saturation of the poles brought about by leakage on load. Taking 
;he new magnetization curve NN', we see that the field current 
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required to generate 2290 volts is 101 amperes. We set off this 
current at right angles to the line OE,, as shown at 01, in Fig. 212, 
and draw a line J,lf parallel to /„0. The length of 1,1/ should be 
55 amperes, which is obtained by dividing 3300 by 60*; thus we get 
Olf, which represents to scale the required field current at full load 
at 0‘75 power factor. This comes out at 145 amperes, as against 
130 amperes obtained by the short method, which did not take into 
account the extra saturation of the machine. 

We see now that if the machine is run at full load at 0'75 power 
factor at 2200 volts and the load is suddenly switched off, the voltage 
will rise to ,2010. If we wish to know how much the voltage will 
fall when the machine running unloaded at 2200 volts has full-load 
current at 0‘75 power factor suddenly switched on, we have to make 
the construction shown in Fig. 213. Set off the line Ol„, making an 



angle 48-()° with the horizontal line OX. The line OI„ represents 
the short-circuit field current, 59 amperes. Through /„ draw a line 
parallel to OK. With 0 as centre draw a circle having a radius 
representing 84 amperes. This intersects the horizontal lino IJf 
at the point Ij. Join Olf. Oomplctc the rectangle OlJjl ,; then 
01, represents the resultant excitation after the armature demagnet¬ 
izing effect (59 amperes) has been subtracted from the applied 
excitation (84 amperes). From Fig. 21 3 we see that 01, is 32 amperes, 
W'hich, a(x:ording to Fig. 202, would give us 1000 volts onthegenerator. 
We see from constructions given in Figs. 212 and 213 that whereas 
the voltage rise with load thrown off is only 18-5 per cent., the 
voltage fall with load thrown on is 54'5 per cent. 

Remediea, for poor regulation. When an A.C. generator fails to 
meet the regulation guarantee, the no-load magnetization curve and 
the short-circuit characteristic should be taken. If it should be 
found, that the field ampere-turns required to drive full-load current 
,, through the armature are greater than was expected, it is not po&iible 
to rectify the defect without making fundamental changes in the 
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design. It is not in general permissible to cut out armature coils' 
so as to substantially reduce the armature reaction, because we 
should create local disturbances in the flux distribution, which would 
be very undesirable, and might cause undue hoatijig of the tield-polos. 
Where the alteration required is very slight, an (aid coil can be * 
cut out from each phase. The coils I'ut out should be distriluited 
so as to make the least possible disturbance at any one part of the 
armature. As regulation is not an important matter, it is pref'-rable 
not to disturb the symmetry of the macliine. If it were permissible 
to alter the design of the machine so as to reduce the number of 
conductors in each slot, this would bo by far the most effective 
method of improving the regulation ; liocause by doing so we should 
not only reduce the armature ampere-turns, Itut (by calling for a 
greater flux to generate the voltage) increase the field ampere-turns 
and also the an;o\int of .sjituration. 

It may be found that the field-am|)eres re(|uired to give full 
voltage at no-load are smaller than was (>xpeeteil. This would have 
the effect of spoiling the regulation. Jlefore we can tell whether 
it can be remedied by increasing the air-gap, we must know whether 
the field-magnet is well within the temj)erature guarantee at full load. 
If it is found after a full-load test that the temperature rise of the 
field coils is well below the guarantee and that the field current 
could be sub.stantially increased without interfering with the efficiency 
guarantee, steps may be taken to iiureas(! the no-load field current 
by lengthening the air-gap. When; only a small increase; in f he field 
current is rerpiired, it may l)e su(lici(;nt to ]mt the whole tield-magnetir 
in a lathe and eait away a little nu'tal from the pole faces. The 
objection to this proe(;dure is that the amount of bevelling of the 
poles is altered; and to re-bevel the poh;s is a rather (*x))en.sivo 
operation. In many (;a.s(;s, however, a small amount of change in* 
the bevel does lujt affect the j)ractical o])(;ration of the machine. 
When calculating how much metal should be cut awiiy in onlcr to 
increase the field current by a certain ])ercentage, regard must be 
had to the amount of saturation in tin; magnetic- cir(;uit and akso to 
the amount of bevelling of the poles and t he r.atio of ])ol(;-arc to [lole- 
pitch. As these are matters of design, they hardly fall within the 
province of this book. For onlinary ratios of pole-arc to pole-pitch 
and normal amounts of .siituration, it will be found that it is necessary 
to increase the length of air-ga)) by 1 1 per cent, in ordiA to increase 
the field current by 1 per cent. When the poles are bolti;d on, there 
arc sometimes liners underneath them, and the air-gap can be 
increased by taking out the liners. If no liners are provided, ttie poles 
may be taken off and the spider turned down. This plan has the 
advantage of not interfering with the bevels of the poles. The 
increase in the air-gap has very little effect upon the short-circu'ft 
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characteristic. The regulation is improved; because the ratio of 
01, to I,Ij in Fig. 211 is increased, so that the ratio of 01 f to 01, is 
diminished. 

Interchange of load. 

We propose to consider under this heading the factors that 
determine the amount of wattless and wattful load taken by each 
generator when a number of synchronous genetators are connected 
in parallel to the same busbars. 

True load on “ wattful ” load. The wattful load carried by a 
synchronouff generator is dependent upon the power supplied by the 
prime mover, and is independent of the excitiition of the generator ; 
always supposing that the excitation is sufficient to hold the machine 
in synchronism. When an alternator is being synchronized for the 
purpose of being connected to busbars, the supply of steam to the 
prime mover is just sufficient to overcome the friction and iron 
losses and to run the machine at the synchronous speed. After the 
main switches are closed and the machine runs in synchronism with 
the busbars, no load will be taken by it until the steam supply is 
increa.sed. The increased torque supplied by the extra steam pushes 
forward the field-magnet so that its centre line is in advance of the 
vector which represents the k.m.f. on the busbars (sec page 171). 
The vector difference * of the generated e.m.k. and the busbar 
is the K.M.F. available for driving current through the impedance of 
the armature windings. 

* 'I’he greater the supply of steam, the greater the turning moment 
and the greater the (lisplacement of the field-magnet position with 
rcferemie to the vector representing the busbar voltage, and in 
, consequence the greater the wattful current generated by the machine. 
If the steam suy)ply is completely cut oft, the centre line of the 
poles will fall behind the vector representing the busbar voltage. 
The.machinc will now run as a motor and drive the engine. The 
change in the excitation of the generator cannot make any permanent 
change in the amount of load carried by the machine, for this can 
never be either more or less than the power supplied by the prime 
mover. It sometimes happens that engineers who are familiar with 
the running of D.C. generators, and who have but newly come to an 
A.C. powej-station, will increase the excitation of the generator 
after connecting it to the busbars, in the hope of putting it on load. 
It is true that the ammeter swings over the scale as the field current 
is inci eased, because the amount of wattless current yielded by the 
machine is increased ; but the wattmeters do not show any increase 
of load'Until a further supply of steam is given to the generators ^ 

* Specification attd Design of Utjnamo-Electric MaeJ^neryt p, 338. 
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Wattless load. The wattless load* 3 aelded by a synclironous 
generator when connected to busbars in parallel with other generators 
depends mainly upon the e.xcitation of the lield-magnet. An increase 
in the excitation of the field-magnet beyond the point necessary to 
give unity power factor at the load for the vimc being carried by the 
machine will cause the generator to sujiply a lagging (uirrent. A 
diminution of the excitation below the value recpiired for unity 
power factor at the load for the time being carried by the generator 
will cause the generator to take a current from the line which is 
leadmg with respect to the generator k.m.f. and lagging with respect 
to the busbar k.m.f. 'Die graphic constructions which enable 
one to determine the amount of wattless current tliat will be Liken 
by a generator under various conditions of load and e.xcitation arc 
shown in Figs. 115 to l:il, and Fig. 212. 

Sharing of the load. A complaint that is sometimes made against 
synchronous generators running in jiarallel on the sam(> busbars is 
that they do not evenly share the load when the total load on the 
station changes. In considering the performance of the machine in 
this respect, one must carefully distinguish between the behaviour 
as to wattful loail and tin; behaviour as to wattless load. 

In order to make the sharing of the wattful load satisfaihorj', 
we must look to the governors of the priini! movers. Steam governors 
aiul wa*ter governors are ordinarily constrinbed so that a reduction 
in speed of the prime mover cau.ses an increase in the supply of 
steam or water. It is usually pos.siblc to adjust the sensitiveness 
of the governor so that a fall in .sjjtHHl of I per cent., will result in a 
greater or smaller im^rcase in turning moment. For instance, the, 
governor of the steam engine may be .set so that a drop in sjieed 
of 2.5 per cent, will turn on a full-load ste,am supply ; whereas another 
adjustment may require a drop of .‘55 ja^r cent, in order to turnon the 
.same .steam siqiply. if a number of generators of the same rating 
are to be run in jiarallel, it is desirable that all the governors shall be 
.set so as to supjily the same steam for the same drop in sjieed.* Jf 
they are not .so set, the geri(!rator having the, liner governor-setting 
(that is to say, with a governor set, for a smaller drop in speed for 
full load) will take a greater wattful load. Where machines are of 
different rating, the sensitiveness of the governors should be, adjusted 
so that for the .same drop in speed the steam .supplies to the respective 
generators arc in proportion to the rated loads. • 

Trouble sometimes arises through the peculiarities of the governor 
characteristics. Steam supply on a governor is rarely in strict 
proportion to the percentage change of speed. The governor on 
generator A may be more sensitive on light loads than the governor 
on generator B ; while the governor on generator B may Ijc more 
sensitive on heavy loads than the governor on generator A. Thus;* 
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on the light loads generator A would tend to take more than ib 
share of the load; and not until we reach the heavier outputs wili 
the machines share the load equally. Small differences in sensitivity 
are not of great practical importance, as it is not r/eall_y necessary 
that all machines shall share the load exactly in proportion to their 
rating without attention; especially as the amount of load taken by 
any machine is directly under control of the switchboard attendant, 
who has a means of changing the setting of the governor for this 
purpose. 

Sharing of wattless loads. Where generators of different ratings 
or of different makes are running in parallel on the same busbars, 
it is very ra'rely that they will share the wattless load evenly without 
adjustment, as,the load in the station changes. This is because 
the short-circuit characteristics are usually different in machines 
of different design. As stated above, the amount of wattless current 
yielded by a given generator depends upon the excess of excitation 
over that required to yield unity power factor at the load for the 
time being on the machine. The amount of excitation required 
at any given power factor can be ascertained from the construction 
given in Fig. 212, if the characteristics of the machine are known. 
It will be seen from this figure that where the ratio of armature 
ampere-turns to field ampere-turns is great, the percentage change 
in excitation when the machine is put upon full load at any given 
power factor is greater than in the case where the ratio of armature 
amp»!re-turns to field ampere-turns is smaller. If, therefore, we 
take two machines, A and iff, of the same rating, both having the same 
number of ampere-turns on the field-magnet at no-load, but A having 
twice as many armature turns as B, the machines when running 
in parallel driven by equal prime movers with perfectly set governors 
will not share the load evenly unless the excitation of A is increased 
as load comes on in a greater ratio than the excitation of B. For 
this reason each machine should be provided with its own power- 
factor meter; and the station attendant, while seeing that each 
generator takes its share of the wattful load by having a proper 
steam supply, should al.so see that each takes its share of the wattless 
load by having its excitation suitably adjusted. 

If the principles enunciated above are clearly understood, there 
is not miuh ditliculty in interpreting the symptoms that appear in 
defective distribution of load between synchronous machines. Tw’o 
examples will serve to illustrate the kind of defects met with in this 
connection, find the way of curing them. Suppose that two 5000-K.w. 
3-phftse tu'rbo-alternators, A and B, generating C600 volts are running 
in parallel on the same busbars and are adjusted to divide the load 
equally Vhen running at half their rated capacity. The load on the 
station suddenly increases to 14,000 k.w. It is then found that one 
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machine, A, is taking 9000 K.w., and the macliine B only 6000 K.W., 
as shown on the indicating wattmeters; and on a further momentary 
increase of load the overload breakers on machine A, which have been 
set at double full load, come out, with the result that all the load is 
thrown on to B and the breakers on B have also come out, shutting 
down the supply. As we are dealing here with wattful load ns 
indicated on the wattmeters, it is clciir that the governors are at 
fault. In all these cases it must be remembered that as synchronous 
machines must necessarily all run at the same speed we must enquire 
into the characteristics of the governors and the steam supply to 
the two machines when rnmiing at a particular asc'ertauied .speed. 
The makers of the turbines will be able to supj)ly tlie characteristic 
curves of the governors; these are generally given in the form 
of a curve plotted with load as absciasa and speed as ordinates. 
The governor is generally capable of adjustment, so that the 
slope of the curve can be adjusted within certivin linuts. It 
will be found in this case that the slope of the curve for the 
B governor is very much greater than the slope for the A governor; 
so that the change of speed of the whole plant, which occurs 
between half-load on the station and 40 per rent, overload, 
corre.sponds on governor A to a change of load from 2500 K.w. t,o 
9000 K.W., wlicreas on B the same change of s])ecd corre.sponds to a 
change of load from 2500 k.w. to 5000 K.W. The obvious remedy 
is to ask the makers to adjiast the sensitiveness of the governors so 
as to make the slope of the two rnirvcs appro.ximatcly the same. 

For the second example, we may imagine t hl^ same two machines 
with the governors perfectly adju.sted so as to take half-load at 0-8 
power factor. Each machine delivers 275 amperes. Suddenly there 
is an increase of load to 40 per cent, overload oit the busbars, the 
pow'er factor being now 0-85. The total current from the busbars 
is now 1440. Suppose that, instead of being e<iually divided between 
the machines, 800 amperes is taken by machine A and 034 by machine 
B. Note should be taken of the wattmeter readings. Let us supjwse 
that each wattmeter reads about 7000 k.w. This shows that the 
governors arc properly adjusted and that each machine is getting 
the same .supply of steam. The k.v.a. of machine A is 9900, and 
the K.U.A. of machine B is 7250. It is clear that A is taking too 
great a share of the wattless load and is in danger of bringing out its 
breakers; whereas B is running on a power factor very near to 
unity. By weakening the field of A and strengthening the field of 
B we can adjust the wattless load between them; but if the two 
machines have not the same regulating characteristics tfie sharing 
of the w'attless load will vary with every change of the load on the 
busbars. In this case it is clear that generator A has mueii better 
regulating characteristics than generator B ; and thus, on a sudden*' 
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increase of loa(^ on the bu^ars from 6250 k.v.a. to 15,500 k.v.a., 
generator A takes a wattless k.v.a. of 685 to weaken its field-magnet 
to the same extent as the field-magnet of Ji is weakened by a load 
of almost unity power factor. . 

It hot uncommonly happens that generators having characteristics 
as different as this have to run in parallel; and no great difficulty 
arises as long as the changes of load are not very great and very 
8U(\den. When each generator has its own exciter under the control 
of a Tirrill regulator, it is possible to adjust t he characteristics of the 
exciters so as to minimize the eff'e(;t of the difference in tlie character¬ 
istics of the generators. 

Failure to run well in aynebronism. 

In these days (if t.urbo-generators with theii; few poles and their 
prime movers of even turning moment, one does not hear as much of 
i)ad synchronous running as in Ihe days of slow-specd engines with 
cpiick cut-offs and long-drawn-out indicator diagrams. Nevertheless 
trouble .sometimes aiiscs when a new turbo-generator is installed to 
run in paridlel wit h slow-speed engines installed some time ago. The 
ffyvvlnad effects of the old engines may have been adjus(('d so that 
tliey run well enough between thems('lvcs, but the Uirnijig moment 
is .so iiTCgular that the new turbo-gcuierator will cause bad })hase- 
swinging unle.ss the (smstatds of the circuit and th(( fly wheel effects 
are (airefully looked to. 

The high thermal efficiency of the internal condjustion engine 
and the [»o.s.sibility of using coke-oven gas for })ower purposes, have 
UhI to the installation of very big gas engines. As these are for the 
most part machines of comparatively slow speed, the old trouble 
which used to ocu-ur when shnv-speed engiiu's drove alternators in 
parallel will oiv.ur again unh\ss suitable juecautions are taken. The 
problem of the ])arallel runidng of slow-speed alternators is, however, 
much better understood in t hese days than it was twenty years ago. 
ItVan bo conihlently asserted that where proper precautions are taken 
no trouble need arise on t his score. 

‘The turning moment of a reciprocating engine. The trouble most 
commonly met with in the parallel rimning of alternators is that 
due to resonance with the, periodic impulses set up by the nitvhanism 
of the j)rime mover. A reciprot;ating steam engine or gas engine 
has an uneven turning moment. Even where there are four or 
six impulses per revolution, the combined turning moment is not 
uniform. ^ Eig. 215 shows the turning moment of a 1500 n.ii.p. 
gas engine having six pairs of tandem cylinders and six cranks, built 
by the National Gas Engine Company. It is direct-connected to a 
1000-k.w. 40-cycle 3-phase generator. Each cylinder works (jn an 
“ Otto cycle, so that the crankshaft receives six impulses per revolution. 
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Fio. 217.—Angular deviatK«n from uniform motion. Curres A' and B’ are derived from curves A and B resi»e>ctiveij' in Fig. 217. 
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Fig. 218 show^ the turning moment derived from one pair of cylinders 
when yielding a little over full load, after taking into account the 
accelerating forces on the moving parts and the effect of the cushion 
cylinder. The abscissae give angles turned through in degrees, 
and extend to two conlplete revolutions, or 720°. From 3° to 183° 
we have a positive torque derived from the explosion in cylinder A. 
From 183° to 290° we have a negative torejue caused by the accelera¬ 
tion of the pistons and the compression m cylinder B; from 290° 
to 360” we have a positive torque derived from the cushion cylinder 
and the deceleration of the pistons. Then comes a short period 
of negative torque, where the compression torque is greater than 
the po.sitive torques. From 363° to 543° the explosion in cylinder B 
provides a positive torq^ue, followed again by a negative torque, 
and so on. In Fig. 216 the effect of all twelve cylinders is combined, 
giving an average turning moment of 45,400 lbs. at a foot radius. 
As the speed of the engines is 200 revs, per min., this corre.sponds to 

45,400 x 2irx 200 i u 

- -=1728 Indicated Horse-Power. 

oojUUU 

The turning moment varies from 10,000 Ib.-ft. below the average 
to about the same above the average ; but, owing to the number of 
cylinders, the periods of excess torque and of deficibnt torque are of 
short duration. The diagram may lie regarded as a very .satisfactory 
one for an internal-combustion engine. The change in the speed 
brought about by these periods of excess and deficiency will of 
course depend upon the moment of inertia of the rotating jiarts. 

Expression of flywheel effect. Different .systems of units are 
employed by different makers for expre.ssing the amount of flywheel 
effect. It is convenient to consider these here, and to give the 
constants by which we get from one method of expression to another. 

First, the moment of inert.ia of the flywheel may be given either 
in British or in metric units. The moment of inert.ia about the main 
axis is the sum of all .such terms as mr^, where m is the mass of a small 
piece of the flywheel and r is the radial distance of the mass from the 
principal axis. In England it is commonly e.xprcssed in tons at 
a foot radius*. A rim weighing one ton at a radius of 4 feet would 
have a moment of inertia of 10 tons at a foot radius*. On the 
Continent it is usual to express the moment of inertia of a flywheel 
in metrje tonnes at a certain diameter* expressed in metnes. When 
given in this way, we speak of the moment of inertia as being so many 
OB'. A v/heel weighing 1 British ton at a radius of 4 feet would be 
TGIO metric tonnes at 2'44 metres diameter, and would be equivalent 
to 0 05 tonnes at 1 metre diameter, or 1510 kilograms at a metre 
radius*. Therefore, to convert from OB' units to British tons at a 
foot we must multiply by 2'65. To convert from British tons at 
, a foot to kilograms at a metre, multiply by 94’4. 
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Secondly, the flywheel effect may be expressed by saying how 
much energy is stored in it when it is running at a certain speed, say 
the normal speed for which it is designed. The energy may be 
expressed either in foot-pounds or in foot-tons; or, if metric measure 
is preferred, it may be expressed in kilogram-metres. If the moment 
of inertia M/ is expres.sed in tons at a foot*, the energy when revolv¬ 
ing at revolutions per second is given by the following formulae : 


Foot-tons of eiK rgy - J 


M/ X47r* x/Jp,* 


32-2 


Foot-lbs. of energy '^ ^32-2 ^ 


-- X2240. 


If the mornenf. of inertia is given in GD‘: 


Koot-tons of energy- 
Kilogram-metres 


4 


jGZ)*x47r*K/i„* 
^ 322 

4X9-81 


X2-65. 


:< 1000 . 


Speed variation curve 

In Figs. 210 and 217 the effects of two different flywheels are 
considered. 

Taking first a flywheel that gives to the whole rotating part a 
moment of inertia equivalent to 131 tons at a foot radius, the speed 
variation curve is given by curve A (Fig. 210). This curve is obtained 
by integrating the curve in Kig. 21.7. In order to get the right scale, 
let be the mean speed in radians per second and a small 
increase in .speed. The speed at any instant is "’.c '-fhe stored 
energy in foot-tons 

- 322 

The gaui in stored energy is 

- 32-2 

and where ««,, is small as (Compared with we may take the gain 
in energy as 

“ 322 ■ 

The energy given to the flywheel by the c.xcess torque acting through 
a given an^lc is proportional to the area of a section of the turning- 
moment qurve lying above the mean line ; and the loss of energy of 
the flywheel is given by the area of the turning-moment curve lying 
below the mean line. The constant by which the area must be 
multiplied to get the gain or loss in energy in foot-tons is obtained 
as follows: In Fig. 215 one inch of ordinate corresponds to a torque 
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of 30,000 lbs. at a foot radius, and one inch of abscisjsji corresponds 
to an angle turned through of 1-57 radians. Tlierefore one scpiare 
inch of area represents 47,100 foot-lbs. of energy, or 21 foot-tons. 

It is conveniejit to begin to plot the speed^-ariation curve,(Fig. 
217) at a point where the speed is a niaximuVn. This will be at the 
position 340°, immediately at the close of a long positive-t.onjue 
period. 

Area in sq. ins. of section of curve x21 foot-tons 
131 X 20-95 xov 
32-2 

Here we have insertcil for /•>„, its value 20-95 radians ptA- .secamd. 
Thus, area of section of curve xO-245 

Or if we wish to c.xpress tlie change in s])ced as a ]>ercentage of 
the mean speed: 

Area of section in sq. ins. x 1-17 percentage change in speed. 

Tims, after the jieriod of deficient tortpie represented by the 
area 0-195 sq. in. enclosed by the turning-effort curve in Fig. 215, the 
change in speed is 

0-195 x1-17 0-228 per cent. 

By running a planimeter around the sections of area bounded by 
suc(-essive ordinates of the torfpie curve, we can get succe.ssivc valiums 
of <iv or the percentage cliange in .speed from point to point. We 
then draw a mean line, to reimwent the. mean speed. 

The change in .s])eed in Fig. 210 is ])lolted to the .scale, one inch 
of ordinate- 0-0 per (-cut. (-hange in speed. For one inch of 
ordinate, 0-120 radian per .sec. gain in spi'ed. 

Curve of deviation from uniform motion. 

The, time-scale is 1 inch 0-075 swamd. Therefore 1 sq. in. of 
area under curve A is equivalent to 0 00945 radian or0-54° of devia¬ 
tion from the position of uniform motion. By integrating the curve 
A in Fig. 210, u.sing this constant, we obtain the curve A' in Fig. 217, 
which shows the, deviation of the flywheel from an imaginary flywheel 
running at a constant speed. Tlie .scale to which it is plotted is 
1 inch 0 3° of deviation. It will be seen from curve A' that with 
a flywheel having a moment of inertia of 131 tons at a fooU the 
maximum deviation of the rotating part is 0-04 meidianicifl degree 
either way. As the machine has 24 poles ( -12 pairs of poles), this 
is equivalent to 0-04 x 12 - 0-48 electrical degree. , 

if we now take a flywheel of double the moment of inertia, that 
is to sjiy, 202 tons at a foot*, and having 4,000,000 foot-lbs. of stored 
energy at 200 revs, per min., we get the speed variation curve /f, 
in Fig. 216, and the deviation curve B' in Fig. 217, which shows a 
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maximum deviation of *0‘02 mechanical de^ee, or 0'24 electrical 
degree. This is an exceedingly small deviation for an intemal- 
comhustion engine working on an •Otto cycle. Many of these engines 
are driving alternators in parallel in an eminently satisfactory manner. 

The curve in Fig. 21S gives the turning moment of a 12-cylinder 
gas engine when all cylinders are working. If for any reason one 
pair of tandem cylinders is missing fire or is out of action, the turning 
moment is much more uneven. Fig. 219 gives the turning moment 
curve under these conditions. The mean torque is now only 38,200 
lbs. at a foot. The maximum deficiency in torque is 26,000 lbs. 
at a foot. Th6 speed variation curve with one pair of cylinders out 
of action is given in Fig. 220, the method of-plotting it being the 
same as de,scribal on page 222. Curve A relates to the case where 
the flywheel has a moment of inertia of 131 ton^at a foot®, and curve 
B to the case where the flywheel effect is doubled. 

The deviation of the flywheels from the position of a uniformly 
rotating flywheel is shown by the curves A' and B' in Fig. 221. It 
will be .seen that the heavier flywheel, even under these stringent 
conditions, has a maximum deviation of only 0-14 mechanical degree, 
or l’(i8 electrical degrees on a 24-pole machine. It is generally 
supposed that a maximum ficviation of not more than 2'5 electrical 
degrees may be taken as evidence of sufficient steadiness in the engine 
to permit of good parallel rimning. 

Resonance. A very much more important matter than the 
amount of deviation calculated in the way described above is the 
presence or the absence of resonance between the disturbance and 
the nat ural pha.sc-swing of the machine. If there is no resonance, 
the deviation as calculatcid above may be greater than 2‘5 electrical 
degrees without leading to trouble in parallel running. On the other 
hand, if f here is resonance, the actual deviation may be so magnified 
by the resonance as to make parallel running impossible, even when 
the periodic disturbance is so small as to be hardly visible on a curve 
plotted in the manner described in connection with Fig. 217. 

Where the resonance is not so pronounced as to throw the machines 
out of step, it may magnify compaVatively small disturbances, so 
that their effect is very visible on the speed curve, while greater 
disturbances that arc not in resonance appear on the speed curve in 
their true proportions. This is very well illustrated by the tacho¬ 
graph record (Fig. 222) taken on a gas engine driving an alternator 
which was running in parallel with another alternator driven by a 
similar gas engine. Both engines had twelve cylinders and six 
cranks. As all the cylinders were apparently working well, the 
turning-moment diagram would not be very different from that 
given' in Fig. 215. Perhaps one cylinder might be getting tcather 
better explosions than the others; so that if we were to give to one 
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of the three excess torque'areas an irea 20 per cent, greater than 
the others, the'irregularity in the torque would be sufficiently well 
represented. The flywheel capacity of each set was such as to give 
a frequency of phase-swing not very different from the frequency 
of the'camshaft, which in this case was 100 per minute. 

It will be seen from the tachograph record in Fig. 222 that the 
main speed variation has a frequency of 100 per minute. The 
maximum speed variation is about 0'5 per cent, from the mean, and 
this is caused by an irregularity in the torque, which is probably 
not one-fifth of the irregularity that occurs every third of a revolution, 
due to the explosions in the cylinders. There are two reasons why 
the compiiratiyely small disturbance produces,such a great effect: 
(1) because a disturbance of low frequency has more effect in changing 
the flywheel speed than a di.sturbance of high freqiiency (see page 231); 
and (2) because there is jiartial resonance between the small disturb¬ 
ance and the phase-swing of the alternator, lioth having a frequency 
of about 100 per minute (see page 230). 



Fill. - ’I'achograph reoiinl of generator when running in purallel with u .siinilnr 
generator, the natural iierioil of [ilmae-swing being nbout O il seeonil. 


When the generator was run by itself on a dead load, there being 
no ])ossibility of resonance, the speed curve (.see fi^ig. 223) showed 
cyclical variations of not more than 0*1 per cent., liaving a frequency 
of three per revolution. The variations liaving a frequency of 100 
per minute were barely perceptible upon the diagram. 

• When several generators were running in parallel on tin! busbars, 
it was found t Iiat the swinging of the wattmeters was very erratic. 
T'he liiggest swings had a frequency of 100 per minute; but super- 
iinposed upon these were small excursions whose frequency was 
higher, .for certain excitations of the field magnet, the swinging 
of the wattmeter needles became very violent, and occasionally a 
circuit breaker would come out on reverse current, and it would be 
necessary to again synchronize the generator that had been cut out. 

This unsatisfactory state of affairs was obviously due to the fact 
that the flywheel effect was too near to the critical flyw'heel effect 
that would give perfect resonance with a disturbance having a 
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frequency of 100 per minute TJ.e pha^-Winjiiug nvas also aRgra- 
vated by the fact that the poles of the generator were not fitted with 
ainortisseurs. Any little disturbance in the torque, duo to a chani;e 
in the pressure of the gas going to the engyics. caused a swing that 
was a long time m dying out; so that its effect was added to another 
disturbance occurring a few seconds later, and these were perhaps 
added to a third, the combined effect being sufficient to send the 
wattmeter needles hard over. 

It was therefore decided to put new Hvwheels on the sets and to 
ad(l dampers to the poles of the field magnet. The method of 
arriving at a suitable flyw’heel and of estimating the im^irovement 
that would be expected from the new arrangement is descrilii'd later 
(pages 235 to 238). The flywheel chosen gave a total moment of 
inertia equivalent to 393 tons at a foot radius 

After the changes had been made, it was found that, the machines 
ran well in parallel with one anotiu'r: and even wlnm a cylinder 
occasionally missed fire the generators w’ere not thrown out of ste[>. 


• / Second ■ 


/ Second 


- f% 


- 2 ^ 


+ / % 


Fill. 223.—Tacliiij(rajih rcconl of jfcncrator when nii) on a tank loail. 'I'Ihmh' 
no n«Homiiicc the s|rt( 1 variation is only uhont l per rent, from the moan. 


The effect of the dampers in reducing the amplitude of successive 
swings after a kick due to a big momentary disturbance was very 
noticeable on the wattmeter needles. Tliese settled down immedi¬ 
ately after a kick arising from irregular gas pre.ssnre. 

In order to make an intelligent inve.stigation into the causes *of 
troubles arising from phase-swinging, it is necessary to understand 
the elein^nts of the theory of pha.se-swinging. 

Theory of phase-swinging. 

We have seen on page 172 that a synchronous generator or motor 
IS held in step by a synchronizing current, which is almost propor¬ 
tional to the angle rr by which the revolving part is di.splaced from 
the synchronous position, so that it behaves like the balance-wheel 
of a watch whose spring-control is almost proportional to the angular 
displacement: that is to say, w'hen displaced and released it swings 
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about the synchVonous position at a definite frequency. The greater 
the synchronizing current for a given displacement, the higher the 
frequency of the phase-swing. The greater the moment of inertia 
of the rotating part, the lower will be the frequency of the phase¬ 
swing. In a machine having /; pairs of poles, 

(T=-pa, 

where a is the mechanical displacement of the rotating part. Let 
us denote by c the constant by which we must multiply « in order to 
get the synchronizing torque. Then, from page 172, 

0.= kilograms at a metre radius. 

9-,Sl x/f,,.x2x ® 

Natural period of phase-swing. Let us tak^ the mass m of each 
part of the rotating part in kilograms, and its distance r from the 
centre in metres, and denote the moment of inertia l)y Then 

the turning moment (in kilograms weight at a metre) required to give 
a unit angular acceleration is 

'^mr^ 

9'81 

Then the turning moment required to give an angular acceleration, 
u is aci. The natural frequency/, of the phase-swing is then 



and the natural period of the phase-swing is the reciprocal of this. 


In practice we find that there are forces tending to damp the 
swing. The damping forces can be increased by providing the 
poles of the machine witli amortisseurs or dampers. 1'he damping 
forces * are almost proportional to the velocity of the swing, so that 
we may write: 

Damping torque—6a kilograms at a metre, 

where <« is the velocity of phase-svsing of the rotating part. If the 
rotating part is displaced from the synchronous position and then 
released,'there being no disturbing forces on the rotating part, we 


have . 

O* 

From which we get 

« =e 


ail -f 6a -|-Ca =0. 




j 


(1) 

( 2 ) 


• For the method of calooIaUng the damping forces from the tiimensiena of the amor 
tisaeur, see Sfecifimlion and Ocatga of Dynamo-EUctric Macninfry, p. 354. 
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If 6* is negligibly small in comparison with lac, we have, approxi¬ 


mately, 


e‘ 2«‘ I M sm^J' 


MsinJ^t + Mcos^*' f 


( 3 ) 


'a 'a 

where M and A are constants that depend upon the amplitude and 
phase of the original displacement. 

txAMri.K. Take a 1000-k.w. generator * running at 200 R.r.u., Iiaviug a flywheel 
capacity of 262 tons at a foot radius^. Tlien 
262x94-4 

a= g gj =2t)20 m kilograni nietre units. 

Let the constant c, by which we multiply u in order to get the synchronizing 
torque, be equal to 221,000. Let the danijiing force when u is one radian jicr 
second be 40(X). If the field-magnet is di.splaccd from the synchronous position 
and then released, we have the equation 

2520a+ 4000i i 224,000a .= 0. 

The value of 4ac in equation (1) on page 22S is 

4 X 2,520 X 221,000 - 2-3 X 10*, 

and h* is only 1-6 x 10’, or leas than 1 per cent , of lac. Therefore we have approxi¬ 
mately, from (3), 

a = sin 27rl -ot + S cos 2rl -51).(4) 

/2240(X)J3-43 
j'20“ 


1 /‘^2 l 00 v . „ 

/. = 2,rV'2520' 



When l-O, let ii ---02 radian and li^ (1. If the generator were running at full 
load with an angular displacement of the field magnet of 13-70 electrical degrees, 
this would eorresjiond on a 2'1-jiole machine to u > -02 radian. If at the. instant 
( = 0 the load is switched off the field magnet will return to its no-load ixisition, but 
only after exhibiting the damped pha.se-.swinging as shown in Fig. 224. I’utting 
1=0 iii (4), we get -02 = .V. 

Differentiating (4) and equating to zero, we get 

-00168. 

Therefore a = «*'™‘'{-00168sin 2)rl-6f-h -02cos2al-5(}. 

*See page,218 for [larticulars of turning moment of engine driving such a generator,, 
and page 220 as to constants for converting from British units into metric units. 
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The easiest way of plotting an expression like this is to calculate 
the values of t and set them out as radii, making successive 
angles with the vertical line, as shown in Fig. 224, In this way 
we obtain a logarithmic, spiral, as shown on the left of the figure. 
Then choosing a suitable time-scale and erecting ordinates that 
correspond in time with the successive radii, it is an easy matter 
to project points on the spiral on to the corresponding ordinates. 
This gives the damped sinusoidal curve on the right of the figure. 
The scale of the ordinates can be adjusted to make the first ordinate 
equal to the. initial displacement of the magnet (in this case '02 
radian). , 

Forced vibration. Next, consider the case" where the engine has 
an irregular turiiing moment. The simplest case is where a disturbing 
torque t,).; sin 2 ir/,< is superimposed upon the uniform torque de¬ 
manded by the load. In practice the disturbing torque is much more 
complex, as was seen in Fig. 215 ; but it is best to take the simple 
case first, and afterwards we can see how the matter is affected by 
the introductiion of higher harmonics into the disturbing torque. 
As the uniform torque is supposed to be absorbed by the load, the 
disturbing torque is the only turning moment other than the three 
turning moments given in equation ( 1 ), page 228. Thus-we have 

a«< +bu yc-i --Q,i sin 27rf,(, .i.(5) 

where a, h and c arc the constants considered on page 228, and /, 
is the frequency of t he disturbance. Writing 

27 ^, —and (a«“—c)=/;. 


we 


have 


sin (^o'l -f tan'' j 


( 6 ) 


If it should liappen that a and c have such values that ao* =c, 
then T’his is the condition of resonance ; for we have seen 

that the natural period of phase-swing 






'Tlierefore, under these conditions,/, 

If /t -^0 and the damping constant I) is very small, <i may be 
exceedingly great, because the divisor in ( 6 ) is very small. Thus a 
very small di.sturbing torque can bring about a very troublesome 
phase-swing if its frequency is equal to the natural period of swing 
and the dainping forces are small. 

If ah'* IS nearly equal to c, and if b is small, the phase-swing may 

be excessive. Let us take h = 0 , and wite -, = 9 : then the maximum 
, . . aw'' 

valuB'Oi h IS 

Q,i _ _ Q'l 

k a«'* —c an>*(l —q) 


( 7 ) 
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That is to say, the deviation of the flywheel from the synchronous 
position IS proportional to the disturbing torque and inversely 
proportional to the flywheel capacity a, to the square of the frequency 
of the disturbance, and to (1 -q). ‘ ^ 

The final value of the synchronizing torque is 



a(o*(l-y) (1-,^) 




Let Q, =m times full-load torque, then 'I < m of full-load 
torque, and the synchronizing power ~fl 

= , of full load. 

(l-y) 

Thus, if Q,i is O Stof full load torque, and q 0 3 , 

^=0'214 times full load. 

That is to say, the reading of the wattmeter will oscillate between 
two points, one of which is 21-4 per cent, of full loiid above the mean 
and the other 21-4 per cent, of ftdl load below the mean reading. 

When ac’^ is nearly equal to c, q is nearly ecpial to 1. so that 
the value of (7) becomes great. It is therefore always desirable 
to avouba flywheel that gives such a value of a as to make am'® nearly 
equal to <:. From the fact that ofi comes in the denominator, we sec 
that a disturbing torque, of low frequency is much more likely to 
catise trouble than a disturbance of high freqiurncy. If there are a 
number of disturbing torques of dilferent frequemaes superimposed, 
q will have a different valiu; for each frequency. If the flywheel is of 
such a ca])acity as to make q I or nearly I for any particular fre¬ 
quency, the (Icviation caused by the (listurbing tonpie of that 
frequency will be increased l)y resonance. When the torcpie curve 
is an irregular one, like that shown in Fig. 215, it can be broken 
up by harmonic analysis into a numl)er of disturbing torques, of 
different frequencies. In the ca.se where the prime mover is a gas 
engine, the fundamental of the harmonic series will often be found, to 
have the frequency of the cam-shaft that is to .say, half the frequency 
of revolution. It may be that tin; amplitude of the disturbance 
having ’this frequency is much smaller t han the amplitude of dis¬ 
turbances of higher frequency, and yet its effect in causing a deviation 
of the flywheel from uniform motion may be much more conspicuous 
than the effect of disturbances of greater amplitude-and higher 
frequency. This will be especially so if the natural period*of plia.se- 
swing of the generator is nearly tlu! .same as the period of the cam¬ 
shaft. For this rea.son it is of great importance to fix the flywheel 
effeil^^ of the rotating part of a gas-driven A.C. generator so that the , 
natura’ period of phase-swing docs not coincide with the period of 



m DIAGNOSING OF TROUBLES IN DYNAMOS 

, I 

the cam-shaft. • How far the periods must differ in order to get 
good ninning conditions is considered below (see page 237). 

in the case of a steam engine the fundamental frequency is usually 
the frequency of revoluthtn, and with gas engines too the frequency 
of revolution must be avoided when fixing the frequency of phase¬ 
swing, though wheji a gas engine works on an Otto cycle it is half 
the^frequcucy of revolutimi that is most to be feared. It is common 
to nnd that the disturbances of the greatest' amplitude have the 
frequency of the i/iipul.scs received from succcs.sive cylinders. When 
the engine Iiaa aevem} cylimlerH these impulses have a frequency 
several tiiMes as great as the frequency of revolution, and < 0 * (see 
page 231) liaving a fairly liigli value, the valu6 of « brought about 
by such disturbaiKies may I)c quite small notwithstanding the great 
amplitude of the irregularities in the turning* moment. It is of 
course important to avoid resonance with the.se impuLses. 

The adjustment of the frequency of phase-swing. As shown above, 
when b is small the frequency of phase-swing 



Both c and a are open to some adjustment when flip pfiint is being 
designed. 

9-81 weight at a metre radius. 

lids is for a singlc-pliase generator. For a three-jiliasc generator 

l■73/^/.,p 
9-81 x//,„x27r’ 

where A’ is the voltage between terminals, /„ is the synchronizing 
current per unit angle of displacement of the field frlun the syn¬ 
chronous position. and p is the number of pairs of poles. 

, The fi-xing of is a matter for the designer of the generator.* 
It varies with the strength of the field-magnet. It is sufficient to 
say that in alternators which have a strong liehl-magnet and weak 
armature reaction /„ is great; and in alternators having a weak 
field-magnet and .strong armature reaction /„ is small. In machines 
having a cylindrical field-magnet, like some turbo-gener.itors, I„ for 
any excitation of the field is just a little greater than the, armature 
short-(u'rcflit current for the .same excitation of the field-magnet. 
In machine.s- having salient poles, /„ may be twice as great as the 
armature short circuit for any given excitation of the field-magnet. 

Change of with change of excitation. As the load on a generator 
is increeiijed the excitation is increased, and the value of I„ is also 
increased, but not in proportion to the increase of the field current. 

* .s< p SjifelJimliov and Dfmjn nf Ihmmo-Klrelrie ,\faciiiiirr;/. p. .142. 
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When a 3-phase machine is running on a low power-factor the 
armature exerts a demagnetizing effect upon the fieid-magnet, 
which varies very little with smalf changes of the angle <t. Thus it 
comes about that when the iielJ current passing through the magnet 
windings is increased, in order to coiupensiite for the demagnetizing 
effect of a load at low power-factor, the incrcastid cxcitjition has 
not as much effect in increasing /„ as an increase of excitation 
which, being made at unity power-factor, brings about an increase 
in the terminal voltage. Nevertheless the increase of excitation at 
low power-factors, in so far as it brings about an increa.se in the 
ijenerated voltage and calls for moiv ampere-turns on the air-gaj) 
and armature teeth, does increase .somewhat the value of /,„ so that 
the natural frequency of swing changes with the load. In cases 
where the operating conditions call for a wi<le range in tlu^ generated 
voltage, the value of c changes in proportion to A7„ and t he frequency 
of swing changes as the square root of t his product. Tims a generator 
may, during the hours of light load on the power-station, be operated 
at 6300 volts, and during tim time of heavy load the voltage on the 
busbars may be (itiOO, and the generated voltage 6900 (the extra 
300 volts being consumed on the inqaslance of the winding). Let 
us suppose that at. light load the value of /„ is 3 times full-load 
current, and at full load /„ is 3'5 times full-load current.; the value of 
EI„ would change in the ratio of (>300 x3 to 6(500 x3'5 or 1 to 1 ' 22 , 
ami the natural frequency of swing would be increased 10 i)er cent, 
under the full-load conditions. 

'I’his variation of frequency of phase-swing under operating 
conditions makes the risk of resonance with some one or other of 
the periodic impulses of the engine much greater t han it otherwise 
would be. When the average fretpiency of phase-swing is adjusted 
so as to lie between two dangerous frequencies (say the frequency 
of the cam-shaft and the frequency of revolution of a gas engine), 
a change in the operating conditions may at times bring the ina<!hine 
dangerously near re.sonance with either t he upper or the lower fre¬ 
quency. 

Let us take the case of a gas engine (having an Otto cycle) running 
at 200 revs, per minute (or 3-33 revs, per sec.). Then the frequency 
of the'cam-shaft is 100 per minute (or 1-66 per second). The two 
dangerous frequencies to be avoided in fixing the natural frequency 
of phase-swing are 1-66 and 3-33. If one could have unlimitefl fly¬ 
wheel capacity one would of cmir.se make the moment of inertia so 
great as to decrea.se the natural period of phase-swing rjqnsiderably 
below 1 - 66 , and thus remove it. from both dangerous frequencies. 
But to do this sometimes calls for a greater flywheel than thy engine- 
buUder cares to put on his bearings. In the.se cases it niay^be 
necessary *to make compromise and choose a flywheel effect which 
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will give a natiiiial frequency of pliase-swing somewhere in between 
the I‘66 and the 3-33, and yet siilliciently removed from both of them. 
In (ihoosing the best (lywlieel cltc'ct one -must have regard to the 
amplitufle of the disturl>ipg torque which may be expected at each 
, frequency, and at the same time take account of the change in the 

value of the factor (see page 231),by which we must multiply 

the 'disturbing torfpn; in order l.o lind the synchronizing torque. 
Let us a.ssiime at first that the distil rbijig torque at frequency 1'66 
is 0'()5 of full-load torque, and that the disturbing torque at 3'33 
cycles is 0-1, of full-load torque. 

Taking the constants of the macliinc from page 229, we have 
c- 224,000, 

Wi l'()0-;27r 10'4.'5 and (o,'*-109, 
u', 3'33 •;2r 20'9 and (>',.- 430. 

The critical Ilywheel elfect for o', is obtained from the formula 

c 224000 
a"’,- ax 109 

Therefore -050, which means that the flywheel effect Ls 
9'Kl X2050 20100 kg. metre-. 


Similarly iij,,, 


512 ( -Ilywheel elTectof 5020 kg. metre*). 


If wo ch io.se a Ilywheel .so that a ^ 1025, we shall get 

22<HtOO 
" 1025x109 

so that the .synchronizing jiower which will show itself in t he swinging 
of the wattmeter will be 


’ f ’,1 1*1'-O'l of full-load watts. 

If we lake Ihe full load of the generator at ItXHt K.W., the watt¬ 
meter will swing over a range from 90tl K.w. to J100 k.w., the period 
of swing being Dtiti .seconds. Now, considering the disturbance at 
the higiier frequency 3*33, wc have 

. 224000 1 

’^' 1025 x 430 ’2' 


' " /’,. ^ = -l-O'l of full-load watts. 

- (I (/a) 1-1 

Superimposed upon the slower swing of the wattmeter needle 
.frhere will be a swing having a frequency of 3'33, also having* an 
amplitude of 100 K.w. 
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If, however, the irregularities at eacli frequency, are expected to 
be of equal amplitudes, say 10 per cent, of full-load torque, it is better 
to adopt a lighter flywheel so as to remove the frequenev of the 
phase-swing still further from 1-66. It is seen that for a given fly¬ 
wheel effect qi so that to And the values which will give us tlic 
best intermediate point we can write 

X 4.7- 


1 / ■ 1 -4,i ‘ 

This gives us 

We should therefore make r/., --0'()25 and y, 


24000_ 

10!»‘x;^5 



• 825 A !(-8l: 8100 kg. metrex 

This then is the l)est flywheel effect under the prescribed (a)n- 
ditions, provided always that the engine-builder linds it sufficient to 
keep down the angular irregularity. If it is not sullicient, then a 
much heavier wheel should be chosen which will make the frequency 
of the phase-swing substantially less than l-(i6. 

The eiigine-builder as a rule takes no account, of the amplilic.ation 
of the phase-r.wing by resonance. He will give you the deviation 
in mecljanical degrees which he is ])reparcd to guarantee with the 
generator running on a dead load; but without taking into accoimt 
the amplifyuig factor it is i?nj)o.ssible to arrive at the be.st flywheel 
effect to employ. 

Curves like those given in h'ig. 225 are of great assistance in 
fixing upon the size of flywheel. They hav(! been ])lottcd to fit the 
comstants of the 1000 k.w. generator driven by the gas engine, 
])articular.s of which are given on page 220. The excitation of the 
machine is supposed to be fixed at such an amount as to make the 
critical flywheel effect 262 tons at a foot radiu.s*. TTiis flywheel 
will have four million foot-lbs. of stored energy when running 
at 200 K.P.M. The value of c at this excitation will be 274,500. 
From the formulae given on page 280 we can work out the vajues 

of q for different flywheels and thus arrive at the values of ^ ^ 

These Sre plotted as shown in Fig. 225. We must next decide upon 
what we regard as the maximum pernii.ssible swing of the wattmeter. 
In the example worked out this is fixed at one-eighfh fif full-load 
deflection. The disturbing torque (of fundamental trequcncy) us 
worked out by the engme-builder may be expressed as niQ,, where 
Q, is full-load torque and m is a numerical coefficient. From page 231 
we have the synchronizing power, 

full load. 

\ q 
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If, therefore, we divide 0-125 by for each value of flywheel 

effecit, we get the highest permissible value of m, which will ensure 
that the oscillating watts do not exceed one-eighth of the full-load 
watts. 'I'hc values of thd permissible m plotted in tTiis way lie on a 

straight line, because the values of form a rectangular hyperbola. 

When the engine-builder is provided with a diagram of this kind 
by the maker of the generator, all he has to do is to work out what he 



Fly-whaal capacity in Millions of Ft. Lba. 

. of atonatt Energy at ZOO Zeva. per Min. 

Kio. 225. 

expei:ts to l)e tlie disturbing torcpie liaving tlie fundamental frequency, 
and from the diagram he reads off the flywheel required. For in¬ 
stance, in our present case, if the di.sturbing torque having a frequency 
of 1-66 was expec^ted to be 2200 lbs. at a ft. radius, this Avould be 
.tVso'o =^'0<125 t)f full-load torque. Therefore m == 0625. Referring to 
the diagram we see that the flywheel required would be a six-million 
ft.-lb. flyvcifeel. If the disturbing torque had worked out at .3550 lbs. 
at a foot we would have m =0-1, and this would require a 7-2-million 
ft.-lb. ivheel. It is convenient to also have plotted curves like those 
shown at A and B, which give the unamplified deviation of. the 
flywheel for different values of m. Curve J gives the deviation of 
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the flywheel for to= 005, and curve li tlic deviation dor w -01 when 
the generator is running on a dead load. In order to get the actual 
deviation as amplified by the phase-swing it is necessary to multiply 

Ijy ^ ^ . The values of ^ ^ are also plotted on Fig. 225. 

In the above no account has been taken of the damping action 
of the amortisseur or eddy-currents in the pole-faces. It is always 
well to fix the flywheel effect independently of the damping action 
where this is at all possible. Sometimes, however (especially in the 
case of turbo-machines which are to be run in parallel with recipro¬ 
cating sets) there is great difficulty in adjusting the •flywheel to 
the best value, and one must rely to a very great extent on a good 
amortisseur to keep down phase-swinging. 

Amortisseurs may be described according to their effectiveness 
as “ one-per-cent.” dampers or “ two-per-cent.” dampers, as the 
case may be. A one-per-cent, damper is a squirrel cage on the field 
system, which would, if the generator were run as an induction motor, 
enable the motor to yield full-load output with a sli]) of one per (iont. 
A two-per-cent, damper would require a slip of two per cent, before 
the motor took full load. 

In order to take the damping into account we make use of formula 
(6) on page 230. 'I'he value of b can be calculated as follows : 

,_ Full-load watts X 
” jR” X 4x* x/X s ’ 

where / is the frequency of the alternator and s the slip that the 
damper would give on full load. , 

Two examples will be sufficient to show the application of the 
formulae. 

First take the case rvhere there is perfect resonance and a one-per¬ 
cent. damper, 

a-=2520, a(«“ = 274,500, c 274,500. a<..''‘-c-0, 

Qu 

1000000x12 

9-81 x 3-33 x4t*x 40 x0 01 
= 161 X10^ Take ft - 487 kg. metres. 

487 0-00303 radian (mech.), 

(eh4- 


wb=^ 


1-54x10*, 


Then 


1-61 X 1(P 0-00303 X 12 X 57-3 2 1 
Or, to get the synchronizing torque, 

0-00303 X 274500 -830 kg. at a metre, 
830 


4870 


=0-17 of full-load torque. 
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That is to say, a one-per-cent, damper can keep down the oscil¬ 
lating watts to 17 per cent, of full-load watts even when the flywheel 
effect is such as to give complete resonance. 

Next increa.se the flywjieel effect by 50 per cent., so that a=3780. 

a(..’‘ =412000 
c-=274500 


k = (aw'“ — c) 

]0“s'l 


137500 


WsT-OP I-1375-' 


000232, 


0-(K)232x 274500 =637 kg. at a metre, 
(J3'7 

4870 per cent, of full-load power. 


Thus it is seem that when there is a fairly good damper the 
increasing of tlie flywheel effect even by as much as 50 per cent, does 
not greatly reduce the phase-swing. Tliis is because the flywheel 
effect and the damping effect operate at right angles to one another. 

Method of procedure. The trouble Tiiet with in the synchronous 
running of A.C. generators presents itself in various ways. The 
simplest ca.se occurs when there are only two generators‘connected 
to the busbars and these are similar and driven by similar engines. 
In this case the theory given above is directly applicable, as it is 
not difficult f o find the cause of the phase-.swinging. The first step 
is to find the frequency of the phase-swing. This can generally be 
taken with sufficient accuracy from the swing of the wattmeter 
needle. After the, second machine has been synchronized and 
switihed in parallel, the wattmeter may begin to swing; and it 
usually makes a good many .swings before it goes hard over and 
the. breakers come out. It is usually possible to find a state of exci¬ 
tation af, which the generators will run long enough in parallel to 
enable the frequency of the pha.se-swing to be observed. The 
movements of the wattmeter needle require to be rather closely 
stiqlied, because they may be made up of several vibrations of 
difiereut frequencies superimposed. The natural periotl of swing 
of the wattmeter itself may be such as to very much accentuate an 
impre.ssed vibration of nearly the same period, although this par- 
ticadar vibrat ion is of nuieh less importance in the problem th.an the 
principal ftscillation of power between the machines. It is a good 
plan to put in circuit another wattmeter having a different period 
of syving. . "The series transformer used in conjunction with the 
wattmeter shoidd be chosen so as to give only a small deflection 
on full load. If the pointer during the phase-swing bounces against 
Ahe zero stop, the position of the pointer can be Ranged cither on 
the zero adjustment or by the addition of a small C.C. load fed 
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from an accumulator and a rheostat, ftv watching, two wattmeters 
of different natural periods of swing, it is possible to recognize the 
main swinging of the phase and to count the nnndier of swings per 
minute. This will nearly always be found to bear some simple 
relation to the number of revolutions per minute of the prime 
mover. In the case of a gas engine working on an Otto cycle, there 
will generally be found one phase-swing for two revolutions of the 
engine. An ordinary steam engine generally causes one phasivswing 
per revolution. An engine provided witli a single-acting condens(>r 
pump may have its speed so affected by tlie ])ump as to cause one 
phase-iswing for every stroke of the ])ump. 

Other periodic disturbances have l)cen known to set the lime 
for the phase-swing. In the case of steam turbines and steam 
engines, it is possilje for the governor to hunt in a perh'ctly periodic 
mamier; and if the flywheel of the set just happens to give a fre¬ 
quency of phase-swing that, acconls with the period of the governor, 
the two actions may play into om^ another's hands in a inaniuw 
that makes running impossible until tlu- adjustments have been 
altered. It is an ea.sy matter to I’uui out whetlier t his is happening. 
The automatic action of the governor can Ix' suspended for the time 
l)eing, and the governing can be done by liand. If this sto])M the 
phase-swinging, the natural period of liunting of the governor should 
be altered so as to be as far removed as is convenient from the 
natural period of phase-.swing. In the case of viny large gas engines 
such as are used lor obtaining ])ower from coke-oven gas, when! the, 
gas is fed along large pipes of considtu'able length, it. is possible lor 
a wave-motion to be set up in the feed-))i}K! such as to affect the 
strength of mixture of air and gas accoi'ding to a jreriodic law, and 
it is possible that the period of this may causr! re.sonanct! with tlie 
))eriod of phase-swing. It can be seen, therefore, that the first st,(!p 
is to find out the frccpiency of the important jihasi'-.swing, and the 
next is to find something in the action of the engine that has the 
same frequency. It then remains to diminish tlie irregularit)^ in 
the engine as much as possible, and to alter its jieriod. If the latter 
cannot be done, then the period of jihase-swing of tin; generator nfust 
be altered either by changing tlu! flywheel or by (dianging the ratio 
of fieldampcre-turiis to armature am|iere-turns. if neither of these 
can be altered without very great exfieuse, then the adflition of a 
good amortisseur to the poles may be effective in cases,where the 
disturbing force is not too great. The latses worked out on p. 237 
.show quantitatively’ how far a damper can be relied ijjion to cut 
down the amplitude of the phase-swing. 

A recording wattmeter, with a drum running fast enough .to give 
good records of the variation in the watts, is quite a usefuf Instru- 
meiit to have. The damping of the needle by flie friction on tlie’ 
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paper is fairly effective ; and as one does not usually require results 
which give the amplitude with great accuracy, the damping should 
he encouraged. 

The tachograph is of very great service in making a record of the 
change of speed of the engine and throwing light on the cause of 
bad synchronous nmning. It is in general more difficult to get 
and to install than a wattmeter. For this reason, the author recom¬ 
mends an investigation to see whether sufficient information cannot 
be obtained from the wattmeter before the expense of getting a 
tachometer is incurred. It should be noted that the tachometer 
shows the .change of speed, whereas the wattmeter shows the dis¬ 
placement of the generator field-magnet from tlic synchronous posi¬ 
tion. As the displacement is the time integral of the speed, an effect 
which is not veiy conspicuous upon the speed curve may be quite 
important when the amount of the displacement it produces is re¬ 
vealed. Before a tachometer is installed, the generating set should 
be inspected to see what part of the shaft or other cylindrical surface 
can be u.sed for driving the belt of the tachometer. Sometimes in 
very slow speed sets it is necessary to attach a special wheel on the 
end of the shaft in order to get a suitable drive. A little forethought 
and enquiry as to the means of driving the tachometer at its proper 
speed will sometimes save time in the actual test. Some tacho¬ 
meters are provided with a device for making a small prirJk in the 
paper at each revolution of the engine: where this device is used, 
a very complete record should be kept of the position of the various 
cranks of tlie engine at the instant when the prick is made in the 
paper. In the case of the gas engine, it is best to record the posi¬ 
tion of the cam-shaft when the prick is made, and to arrange the 
electrical (Jontact on the cam-shaft instead of o!i the main shaft. 
The engine-builder is then able to determine to which particular 
cylinder, or to what particular action of the parts, the irregularity 
that is most to be feared is due. Having exact knowledge, he is in 
a better position to remedy the defect. It would be useful to arrange 
for this pricking device on a recording wattmeter. 

Sometimes an oscillograph is used to determine more exactly 
the instantaneous changes in the current and its phase relations to 
the voltage. If a kinematograph .strip is employed to take a record 
of current and voltage throughout a complete phase-swing, very 
interesting results are revealed, which are of great value ill the study 
of synchronous running; but in most cases it is sufficient to deter¬ 
mine the, frequency of the phase-swing and to get a rough idea of 
how the amplitude varies (a) with the load, and {b) with the excita¬ 
tion. '.For these purposes an ordinary wattmeter is usually suffi¬ 
cient. In the above we have considered the simple case of two 
similar generators driven by similar engines. Where the en^es 
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arc not similar, and where they riui at different speeds, the nictho<l 
of procedure is the same, but there will be a greater uuniber of 
possible frequencies of disturbance, and it may therefore be more 
difficult to find a suitable flywheel. In easfis where it is fouml diffi¬ 
cult to run the sets in parallel for a period of time long enough to 
make satisfactory observations, it is a good plan to reduce the 
voltage to about one-half. This has the same effiad upon the 
natural period of phase-swing as increasing the flywheel. Sets 
which will not nm for half a minute in parallel at full voltage will 
sometimes run reasonably well at half voltage. The pha.se-swinging, 
however, is generally very apparent, and its frequenm' can be noted 
as the excitation is gradually increased. In this wav experiments 
can be made to ascertain what would be tlu^ effect of increasing the 
flywheel effect. If it is found that a macliine can be made to run 
well at a reduced voltage, we may be sure that it wdll run as well or 
better with the flywheel increased so as to give the sjime natural 
period of swing at full excitation; because under the latter con¬ 
dition the synchronizing force will be greater, so that the disturbing 
force will be less in proportion. 

A generator running in parallel with bu.sbars fed by a number 
of generators may work badly on account of the irregular turning 
moment of some one of the other generators. In this case the 
frequency of swing may not bear any simple relation to the speed 
of the engine. The method of procedure is the saim* as iu the (rase 
(onsidered above. Having found tlu; freciuency of the ])ha.se-swing, 
it is not difficult to find which engine is causing t he di.sturbance. 
When several generating .sets connected to the liusbars have the 
same speed, observations (tan be made of t he effect of shutting down 
each set in succession while the others are running. 

The cause of the di.sturbance having been ascertained, everything 
should be done to reduce it to a minimum by a better .setting of the 
valves or by other methods whi(;h will o(tcnr to the makers of the 
prime mover. If, then, in addition the constants of the generator 
(see page 228) and the flywheel (diect ar(( idtered so as to remove the 
natural period of swing as far as jmssible from the period of the 
disturbance, it will generally be found that parallel running becomes 
poa.sible and the actual swing of the wattmeter does not exceed the 
value obtained by calculation according to the method d(!scribed on 
page 230. 

Destruction of armature winding on short circuit. 

If a short circuit occurs on the armature winding of a generator 
when it is running fully excited, the instantaneous current thatt'flows 
is onlj' limited by the impedance of the winding. If the imp«idanc« 
is very low, as is oftemthe ca.se in large turlio-generators, the instan- 
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taneous value .of the current may be enormous and may set up 
magnetu! forces so great as to distort the winding and destroy the 
insulation. The laws governing‘the flow of current in such cases, 
and the means to be tpken to brace the winding so that it may 
resist the great magnetic forces, are dealt with * in books on design. 

In cases where it is impo.ssible to make any further improve¬ 
ments in the design of the generators, the rush of current on short 
circuit may be reduced by coimecting choke coils in series with the 
armature. These choke coils f must be designed so that their 
magnetic circuits do not become saturated wlien the maximum 
current is flowing, otherwise the current may increase a long way 
beyond the calculated point. The usual practice is to make the 
cores of the ch-jke coils of a material that is not paramagnetic, such 
as air, concrete or porcelain. If then the reactance drop in the 
choke coil and armature at full load is 10 per cent, of the supply 
voltage, it is impossible for its current to rise to a greater value than 
10 times full-load value on short circuit. 

Othei' defects occurring in A.(J. generators have already been 
dealt with under the following headings: Low Efficiency (page 69), 
Abnormal Temperature Rise (page 41), Insulation Breakdown 
(page 10), Noise (page fSO). 

S/urifliuUioii and /h'sn/n t>f Mat'/ihtrr//, ]>. lir». 

t Sfu Kiiyu-HanMi'ii junl IVrk, dovru. /./s’.A’., vftl. r»3, p. r>l 1, IPl l. 



CHAPTER VII. 


REGULATION OF DIRECT-CURRENT GEXEKATORS. 

I. *SHI rNT-WOl' iNL) (! KN EKATOUS. 

Shunt-wound direct-current generators are .somefiines guaranteed 
not to drop in voltage by more than a .specified amoimt l)etween 
no-load and full load. When the gcaierator is .sold in combination 
with a direct-c^onnected engine, the guarantee figures generally take 
into account the change in speed in f lie engine. When the prime 
mover comes under a separate (.'ontract, the regulation guarantee 
relating to the generator is ba.sed on the assumption that the s[)eed 
is constant, or on an assumed drop in speed of the engine, say 2 per 
cent., between no-load and full load. This dro]» in s))eed of the 
engine is a very important fa<^tor in the regulation of a shunt-wound 
combined set; because, .apart from any compemsating influences such 
as are considered below, a drop in speed of a certain jM'rcentage will 
lead to a drop in voltage of a gre.afer percentage, owing to the fall 
in the shunt excitation at the same tinu!. It is therefore very im¬ 
portant when enquiring into the behaviour of a combined set in this 
respect to see how f.ar the prime mover is complying with the terms 
of the contract. It not infrequently liappcuts that when the engipe 
gove rnor is properly adjusted the c-oinbiiKsI s(d. can be made to im^et 
its guarantee. 

T!ie effect of change in speed on the no-load voltage of a shunt 
generator is most easily studied by means of a number of magnetiza¬ 
tion curves plotted for different speeds. If tlie no-load magnetiza¬ 
tion curve giving the relation between field amperes and volts 
generated is taken at any given speed, it is easy to derive the curves 
for any other speed by the simple expedient of changing the ordi¬ 
nals in proportion to the speed. Fig. 230 gives a numbes of 
magnetization curves of a shunt-wound generator plotted for different 
speeds. If now a number of straight lines are drawn sloping uf/Veards 
from»the origin, as shown in the %ire, each of these lines gives the 
relatioi .between voltage and current in a field circuit having a given 
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resistance. Fot instance, the line marked 80 ohms cuts the 500 
B.P.M. curve at a point wWe the voltage is 300 and the field current 
is 3-76 amperes. It cuts the 600‘ r.p.m. curve where the voltage is 
466 and the current is 5‘M, and the 700 R.P.M. curve where the volt¬ 
age is 682 and the current is 7’271, the volts divided by the amperes 



being in each case 80 ohms. Similarly the 70-ohm line gives at each 
point of'intersection a ratio of volts to amperes equal to 70. It is 
clear that if the rheostat in the shunt circuit is adjusted so as to 
make' the total resistance in that circuit equal to 80 ohms, the 
machine, when running at 600 R.P.M., 600 r.p.m. and, 700 b.p.m., 
will generate 300 volts, 455 volts and 582 volts respectively. Such 
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a diagram enables us to find at once the voltage at anv speed for 
any resistance in the shimt circuit. 

If we wish to find the effect on a generated voltage of small 
changes of 8peed,,it is best to plot a portioiiiof the curves on a larger 
scale, as shown in Fig. 231. Here the central curve is part of the 
magnetization curve at 600 r.p.m., and the otlier curves give the 
characteristic for speeds differing by I per cent., 2 per cent, and 
3 per cent. We see that if the resi.stance of the shunt circuit is 



Kit;. 231.--Ma|rn<*tizatii>n curvcH for hiuhII clinniffH in Hliowiii;' tlic 

Hcetioiks with line n'jHt'wntinjif HO ohmn in tin' shunt cinaiit. 


80 ohms, a drop in speed of 1| per cen(. from (ifXt n.l’.M. will cauije 
a drop in the voltage from 455 to 443‘6, the difference being 2| per 
cent. If the shunt resistance is lower and the voltage is higher 
for any given speed, the saturation of the magnetization curve being 
greater, the magnetization curve more nearly approaches the hori¬ 
zontal. When the saturation is greater, the percentage diange of 
voltage is more nearly equal to the percentage change of.8pced. At 
lower saturations, and particularly at jmints below the kitec where 
the magnetization curve becomes more nearly straight, very small 
(Changes in speed create much greater changes in voltage. ^ the 
(Straight line representing the .shunt resistance nearly coincides wit^ 
jthe straight part of the magnetization curve at any given speed, 
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232.- Showing tho effect of brush resistance at very low excitations. 

resistance (suy 125 olims) in the shunt circuit, the machine will not 
build up at (K)0 K.r.M., but will only generate a few volts, which 
are ‘ doe 'to residual magnetism assisted by an exceedingly small 
current through the shunt. This will be the state of affairs when 
rumiing at 600 k.c.m. if the total shunt resistance is 100 ohms. The 
conditions when the shunt resistance is too high to allow the genera¬ 
tor to build can be understood from Fig. 232. The thm^ full line 
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shows the lower end of the 500 r.p.m. luagnetizatioji curve plotted 
to a larger scale. Owing to the residual magnetism in the field 
circuit, the voltage generated for' a zero field ciurent is, say, 0'5 
volt at 500 R.P.M. The 60-ohm line and tin; lOO-olim line are shown 
dotted in Fig. 23l2. It will be seen that thc^ 100-ohm line cuts the 
magnetization curve at 2-7 volt.s. If, therefore, the resi.stance of 
the shunt circuit is 100 ohms, the voltage generated at 500 r.p.m. 
cannot rise above 2-7 volts, because the 100-ohm line is after that 
completely above the volt line. If the total resistaiUH’ of the shunt 
cinmit were 60 ohms, the machine would build up to 403 volts, as 
seen from Fig. 230. In this connection it is interesting to empure 
into the effect of the brush resistance. It is well known that the 
bmsh resistance is not constant. When current flows from a <rarbon 
brush to the sliding copper surface beneath it, the electrical (uiu- 
ducting properties of the materials are altogether different from 
those obtaining in solid condiKitors. 'I'he conduction appears to 
take place through an extremely sliort arc, and a. small back k.m.k. 
exists on the contact surfaces. When the surfaces of the. carbon 
and the copper are very highly ])olished, this back k.m.k. makes 
itself evident even down to extremely small current densities, so 
that when .the current passing through t he brushes is small t he 
apparent resistance may be extremely high. Where the copper 
and carbon surfaces are not so highly polished, this back io.m.k. is 
smaller, and it almost disappears at small current densities. Some¬ 
times it is found that, notwithstanding the fact that the rheostat 
has been cut out to a point which should enable the generator to 
Iniild up its voltages at a given speed, the generator refuses to build 
up even when extra pressure is applied to the brushes. The reason 
for this will be seen in Fig. 232. It may be that with highly-jiolished 
surfaces the combined brush drop of positive and negative brushes 
is rs volts when the field current is oidy (i-l amp(M(!^. At. t he smaller 
field currents the brush droj) is only a little lower; and at O'Ol 
ampere the brush drop may be as high as 0‘4 volt, ixsr brush. Thus 
the effective resistance in the shunt circuit, instead of being repre¬ 
sented by the 60-volt line, is repre.senteil by the line nuirkcd “ Kffcfit 
of bru.sh resistance.” This line, starting from zero, cuts the 500 
U.P.M. volt line at about 0-83 volt; and under t hese conditions the 
machine will not generate more than this voltage, even though the 
position of the rheostat would lead us to believe that, we ar* working 
on the 60-ohm line. The easiest way of oveiroming tli^ trouble is 
to put two small pieces of copper wire., one imder a positive and.one 
under a negative brush, so as to get a copper-to-copper contact, 
the voltage drop in which is very much lower. / ^ 

The explanation of this matter more properly falls under the 
heatf “ Faimre to excite,” page 287, but it is disposed of here while 
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we are dealing with niagnctiWion curves and the effect of resistance 
in the shunt circuit. It will he seen that the effect of the brush 
resistance is to slightly increase ‘the slop# of the resistance line, 
even at great excitations, and to increase the slope very greatly at 
minute excitations. 


Shunt generator on load. 


•When a shunt generator is put on load (assuming that the speed 
is maintained constant), there are a number of different circumstances 
which affect the generated voltage. These will be considered under 
the following headings: (a) Armature Resistance, (6) Saturation of 
the Teeth, (c) The Position of Brushes, (d) The Action of the Com¬ 
mutating Pole, (e) I'he Short-circuit Currents under the Brushes. 

(a) Armature resistance. Leaving out of account all the other 
effects, the armature resistance will itself cause a voltage drop equal 
to I„R„, where /„ is the armature current and the total resistance 
of the armature circuit, including series coils on the field magnet. 
But this will not be the whole drop arising from this cause, because 
the lower voltage at the terminals of the macliine causes a smaller 
field current to flow, and thus the terminal voltage is still further 
reduced. If Ei is the voltage generated at full load, we have 
V. It must be remembered, however, that the U, in 
this formula is not the k.m.f. E^ generated at no-load, but is the 


E.M.P. when the exciting current is „ , where K, is the resistance of 

the shunt circuit. It can l)c most easily arrived at by referring to 
a set of magnetization curves such as those given in Fig. 231. 
Suppose, for instance, that I„R„ is 1 per cent, of which we will 
take to be 456 volts at. (iOO r.p.m. The 1 per cent, drop due to 
the armature resistance brings us to the curve below the 600 r.p.m. 
curve, so that there being 80 ohms in the shunt circuit, the voltage 
falls to 447'5. Here 7^, 452, atul from this must be subtracted 
the 4-6 volts lost iii the armature. It will Ijc seen that where the 
voltage generated is well over the knee uf the curve there is not much 
difference between E„ and E,, but where the voltage is below the 
knee of the ciirvo there may be a very considerable difference. 

(b) Saturation of teeth. Even when the brushes are exactly on 
the neutral line, the effect of the armature reaction upon the gener¬ 
ated vohhge cannot be neglected. The cross-magnetization pro¬ 
duced by the armature (onductors causes an increased saturation 
of the aniiature teeth under the trailing horn of the pole, and by 
reducing the total area of the field form brings about a very con¬ 
siderable reduction in the generated e.m.f. This matter will be 
, njore clearly imderstood by reference to Fig. 233, which shows by 
a thin line AA' the shape of the no-load field form of a D.C. generator 




' _Showing the e%ect ol «oa»*nu^netr3tatioo in lowering the vintage aatimting tbc teeth. 
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whose poles are .shown diagrammatically above the figure. The 
magnetomotive force curve of the armature is shown by the line 
MiMiMi- The effect of the armature magnetomotive force is to 
decrease the flux density junder the leading horn of the pole and 
increase it under the trailing horn. If there were no saturation of 
the iron, the increase under tlie trailing horn would exactly balance 
the decrease under the h'ading horn, and the total area would be 
unaltered; but the iron teeth of the armature, which are fairly 
well saturated at no-load, become supersaturated under the trailing 
horn, and are not able to have the flux through them increased beyond 
a certain pqjnt. Thus if we take the area of the full-load field form 
shown by the full line BB' in Fig. 233, we shall sec that it is con¬ 
siderably less than the area of the thin no-load field form AA’. 


The generated voltage being less, the exciting current 


It, 


is also 


less; and the combined effect may be to reduce the voltage by 
anything from 5 per cent, to 20 per cent, in normal machines. 

Fig. 233 has l)een worked out for a 1000 k.w. 500 volt D.C. gene¬ 
rator. The field-magnet has 12 ]Joles, and the armature has a lap 
winding with 1152 conductors in all. 'I’hus there are 48 turns j)er 
pole; and as the armature current per conductor is 167. amperes, 
the armature ampere-turns per pole are 8000 at full load. The 
armature m.m.k. curve is then given by which gives a 

maximum peak of 8000 ampere-turns at the neutral plane N-iN-i, 
assuming that the brushes are in the neutral position. 

We will assume that it requires 6000 ampere-turns per pede at 
no-load to prodm^e the no-load field form shown by the thin line 
AA'. If no more shunt ampere-turns than these were applied at 
fidl load, the resultant ampere-turns at each point of the air-gaj) 
wotdd be given by the dotted lines BjN^, PiN,. This distribution 
of M.M.F. would result in the full-load field form shown by the thick 
full line BB'. 'I’hc area of this is less than the area of the no-load 
field form by about 8 per cent. If, however, the field current be 
increased so that the ampere-turns per pole amount to 7660, the 
distribution of m.m.f. is then given by the chain-dotted lines Q^Rt, 
QiRa, and the field form by fhe thick chain-dotted curve Dl)', which 
has an area 3‘(i per cent, greater than that of the no-load field form. 
By working out curves like BB' for different shunt excitations, we 
can find by how much the flux is reduced for a given excitation 
owing to the.sivturation of the teeth at full load. In order to find 
the fqrthej;'drop in voltage due to the fall in the excitation, it is 
nece^'Viy to have a magnetization curve giving the relation between 
the exciting current and the volte generated when the field is sub¬ 
jected to armature distortion. Let curve B in Fig. 234 give khis 
relation for the machine in question. (It can be/)btained in practice 
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by keeping the machine on full-load curre'nt and lurting the change 
in voltage as the excitation is varied, and then correcting for the 
armature resistance drop.) 

Curve .4 in Jig. 234 gives the relatioij l)et\veen volts generated 
and exciting current at no-load. If the resistance of the exciting 
circuit is 41-3 ohms, the exciting current will be 12-1 amperes and 
the volts generated 500. When full load is thrown on t he niac.hine, 
even if the excitation remained at 12'1 amperes the generated volts 
would fall to 460, on account of the distortion and diminution of 
area of the field form as shown by the thick full line BB' in Fig. 233. 



FIELD AMPERES 

Titj. 23-1.—Showing Dio mi-Ioad uiui fiill-loa'l niagiutti/ation curvcH of a nhunt* 
woiMul gi'iicnilitr. 


This brings us on to the B curve in Fig. 2.34; but the generated 
voltage will not be 460, for, the c.xcitetioii voltage being reduced, 
the exeiting current will fall away. To find exactly the point to 
which the current will fall, we must take into account the artnaturc 
resistance drop. Suppose the IJi„ drop is 10 volts; wa can draw 
the curve C 10 volts lower down than the B curve. 'Phis is the 
full-load characteristic of the machine. It is cut by fh.'i^l-3;ohm 
line at a point which gives the exciting current 9'9 amperes iMj^thc' 
terminal volts 408. If now it is desired to bring the termitijil volts- 
to ^00, the excitation must be increased to 16 amperes: that is to 

say, the resistance of the exciting current must be reduced to 3?-3’ 

» 
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ohms. We can now draw'in the 33-3-ohm resistance line as shown 
in Fig. 234, and can at once find what will happen if the load is 
thrown off while the resistance rem'ains at 33-3. The volts will rise 
to 586 (a.s,suming that the {speed remains constant). 

As the magnetization 'curves have a certain amount of curvature, 
the angles that any resistance line (say the 41 •3-ohm line) makes 
with the curves A, B and C at the point of intersection is not a con¬ 
stant. 'I’herefore the increase in the drop of voltage brought aJ)out 
by the fall in the excitation does not bear a constant ratio to the 
original drop brought about by any of the causes considered above. 
Nevert.hele,sj3, an inspection of the curves enables us to attach a 
certain value to the percentage increase in the drofi due to change of 
excitation in any particular case. For instance, starting at 500 volts 
and 12-1 amperes excitation, the distortion of the field causes a drop 
of 40 volts and the decrease of excitation causes a further drop of 
33 volts. That is to say, the voltage drop is increased by 82 per 
cent. Again, the armature-circuit resistance causes a drop of 10 
volts and the decrease in excitation causes a further drop of 8 volts, 
an increa.se of 80 per cent. 

For any given resistance in the exciting circuit we can plot 
curves like those shown in Fig. 235. Here curves s and .v' show the 
dro]) in voltage due to change of speed as the load comes on. The 
curve s has ordinates proportional to speed. It can be obtained 
by trial on the set in cpiestion, or may be plotted from data relating 
to the governor of the engine. Curve s' takes the fall in excitation 
into account, and is derived from lairves such as those given in 
Fig. 231. 

Curves a and o' give the drop in voltage due to armature resist¬ 
ance. Curve o' takes into account the change in the excitation. 

Curves h and b' give the drop in voltage due to field distortion. 
Curve h' can be found by a load test on the machine, allowances being 
made for the drop in speed and the effect of the armature resistance. 
The' fact that curves h and h' have nearly always a very marked 
curvature is very important when we come to consider the stability 
of generators and motors running in parallel (see page 371). 

The change in voltage at any load can be found by adding to¬ 
gether the changes due to each individual cause. 

(c) Position of the brashes. In order to determine the effect of 
the brush position on the voltage of a D.C. generator, it is necessary 
to make a plot of the distribution of potential around the com¬ 
mutator. ^«lu8 has been done for the case of the 1000 K.w. generator, 
particnbi,i-8 of which are given above, and the curves are given in 
Kg. 23fi. The potential of a commutator bar which is midway 
betweeii the positive and negative brushes when the machine, is 
generating 500 volts at no-load (the brushes bemg on the neutral) 
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Fio. 235.—Showing the varlatumH in voltage of a Hhunt-woiin<J gnieratiir at van gih loiwln 
due to the cauHeit a, a, b, r and d. 
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iHiiy be token a6 the most convenient zero. The positive brush is 
then 250 volts positive, and the negative brush 260 volts negative. 
The advantage of this notation will be seen when we come to consider 
questions relating to commutation. The method of taking the 
potential curve by measurements on the machine is described on 
page 282. The potential curve is the integral of the field-form 
curve, and can be obtained by running around successive sections 
of the field form with a planimeter and multiplying the readings of 
the planimeter by a constant, which can be determined as follows: 

The curve AA in Fig. 233 gives the no-load field form of the 
1000 K.w. generator when generating 500 volts. Take a planimeter 
and run aroimd the positive loop. Let the reading of the plani¬ 
meter be V. Then F corresponds to 500 volts. Run the planimeter 
around a section of curve up to any ordinate Let the reading 

of the planimeter be Vi. Then ^ multiplied by 600 is equal to 

the voltage corresponding to the area of the curve up to ordinate 0,. 
The curve AA in Fig. 23(i lias been plotted in this manner, beginning 
at the left-hand bottom corner of the positive loop of the A curve, 
the voltage ordinates being set off from the minus 250 line taken 
for the time being as zero. As the no-load field fonn is perfectly 
symmetrical, it gives a perfectly symmetrical potential curve whose 
maximum ordinate measured from the temporary zero is 500. This 
ordinate can now be bisected and a horizontal line drawn through 
the potential curve, giving a new zero from which we measure 260 
volts up to the positive brush and minus 250 down to the negative 
brush. The machine in question has 48 commutator bars per pole. 
These bars may be set out along the central horizontal line as shown 
in Fig. 236. If we wish to obtain the potential curve for any other 
field form, say for the field form li in Fig. 233, we can take the 
areas of successive sections as described above, multiply them by 
the constant to obtain a (corresponding voltage, and plot the ordi¬ 
nates so obtained, using any horizontal line as a temporary zero. 
On the left-hand bottom corner of the, positive loop B, at a point 
where it crosses the zero line, we shall get the point of lowest potential, 
and we may begin to plot from that point. When the potential 
curve is complete, the maximum ordinate can be divided by two, 
a horizontal line being drawn through the point of bisection. The 
whole curiae can then be shifted so that the medial horizontal line 
falls on the medial horizontal line in Fi^. 236, the ordinates 0,, 0„ 
etc., -keept in their original positions. The potential curve 
■ olatciild in this way from curve B in Fig. 233 is marked BB' in 
Fig. 233. This curve gives the distribution of potential around the 
commutator as it would be with a field excitation of 6000 ampere- 
turns per pole with the armature carrying a full-load cqrrent of 
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2000 amperes, it will be 'seen that the maximum height of the curve 
is 230 volts from the mid-point, so that from brush to brash we 
, volts has hrouffht aoout a dimitni- 


tion of voltage of 8 per cent. iv i, ,. 

The chain-dotted curve DD' m Fig. 236 gives the voltage dis- 
tribnfion on the .commutator when the machine is rannmg at full 
load with excitation increased to 7660 ampere-tums per pole. The 
total height of this curve is 518 volts. , 

It will be seen in Fig. 233 that two vertical lines iYiiVi and 
have been drawn. 'J’he line represents the projection of the 
positive magnetic neutral plane (see page 279); that is to sa^, the 
plane that is being cut by the positive conductors and in which no 
E.M.F. is being generated. The line NiNi is the projection of the 
negative magnetic neutral plane. The shape of the potential curve 
depends upon the distribution of magnetization. At no-load it will 
in general be a symmetrical curve, and the lines NiNi and 
will lie on the planes midway between the poles, which are some¬ 
times spoken of as the mechanical neutral planes. If, however, 
there is any distortion of the field due to armature reaction, the 
potential curve will be distorted, as shown by curve B in Fig. 236, 
and the magnetic neutral planes will not lie on the mechanical 
neutral planes. 

Assuming that the shape of the potential curve is definitely 
ascertained, the voltage between the positive and negative brushes 
will depend upon the bars in contact with the brushes. If, for 
instance, in Fig. 236 the brushes are on the magnetic neutral plane, 
the voltage will be the highest that can be obtained from the generator 
with the given state of magnetization. If, however, the brushes are 
rocked either forward or backward, assuming that the magnetization 
remains as before, the voltage between them will be smaller. For 
instance, the .bruslies may be rocked forward tlirough the distance 
« and «'; the voltage between them will'now be given by the differ¬ 
ence of potontial between a and a'. Or the bruslies may be rocked 
backward through p and ; the voltage between them will now 
be given by the (lifference of potential between b and b'. This is an 
effect independent of any change in the magnetization of the machine. 
This lowering of the pressure due to rocking of the brushes to points 
on the commutator at wliich the potential difference is lower may 
for convenience be spoken of as “ depotensing,” to distinguish it 
from the “ demagnetizing ” effect also brought about by the rocking 
of the brushes. The latter effect is considered in the next paragraphs 
• li^we^^ave a ring winding as shown in Fig. 12, and draw current 
xSuc of i.t at any point A, we produce a pole at that point. The same 
effect occurs on a drum winding. If the brashes of a D.C. generator 
are so placed as to take current out at the positive and put current 
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in at the negative conductors that are exactly midway between the 
field poles, then the oidy weakening of the field that will occur 
from the armature reaction will be that arising from the saturation 
of the iron, as considered under heading (6)., If, however, the brushes 
are rocked forward so as to collect and put down curnmt in an un- 
symmetrical position, the armature magnetomotive force will have 
a component that directly opposes the field magnetomotive force. 
Thus if the brushes are rocked forward by an angle </> on a two-pole 
machine, the total demagnetizing armature ampere-turns per pte 

are given by the expression total conductors x amperes per 
conductor. On a multipolar machine the demagnetizing arma¬ 
ture ampere-turns per pole are equal to conductors per 

pole X amperes per conductor, where is the mechanical angle rocked 
through and p is the number of pairs of poles. If on a generator 
the brushes are rocked backwards by an angle ft, then there is a 
component of the armature ampere-turns that tends to strengthen 
the poles, and this will go to neutralize the depotensing ellect men¬ 
tioned above. In considering the rocking of the brushes, we must 
remember that.the total effect is the algebraical sum of the demagne¬ 
tizing and the depotensing effects. 

If we* start with a shunt generator at no-load with the brushes 
on the mechanical neutral, and put load on it without rocking the 
brushes forward, the armature distortion will carry forward the 
magnetic neutral plane, and the brushes will therefore no longer 
be at the highest and lowest points of the potential curve. They 
will, in fact, be at cc' in Fig. 23C. Thus, in addition to the lowering 
of the voltage due to the reduction in the field form by saturation 
under heading (6), we have the lowering of the voltage due to the 
fact that the brushes are no longer on the highc.st and lowest points 
of the potential curve. If now we rock the brushes forward so as 
to bring them on to the highest and lowe.st points of the B curve, 
we immediately cause the armature to have a demagnetizing conj- 
ponent; and the reduction of voltage due to this effect will, in 
general, be greater than the advantage gained by doing away with 
the depotensing effect. 

Curves AA', BB' and DD' give the voltage distribution on the 
commutator of a machine not provided with commutating poles. 
If commutating poles are added and excited in such a, wav at to 
give the alteration in the field form shown by the dotted's^jt "e at 
0, and C„ Fig. 233, the potential distribution on the commuta^’a^ 
be altered. Curve EE' (Fig. 236) shows the distribution of poteAljiaP' 

* I4o correction haa been made in the curve hh for the effect of self induction of th# 
winding. This is given in F|g. 241. 

* ft 
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on the commutatot on’ tie machme provided with commutating 
poles when running at full load. This curve is the integral of 
the chain-dotted curve DD' in Fig. 233, with the added areas of 
field form shown at C, ;a,nd Cj. As the curve EE' is the integral 
of the field form, the slope of EE' is everywhere proportional to the 
ordinates of the field form. In particular, the slope of the curve 
at Ec is proportional to the ordinate Cj. The slope of the curve at 
this point is proportional to the commutating voltage. We shall 
have something more to say about this in Chapter X. 

When the brushes are rocked forward or backward, the variation 
of the vcitage may be attributed to four distinct phenomena : 

(1) The voltage varies because the movement of the brush brings 
us to a new point on the potential distribution curve. 

(2) The voltage varies because ampere-turns’ are subtracted from 

or added to the field ampere-turns. 

(3) When the machine is provided with commutating poles, the 

commutator flux decreases or increa-ses the e.m.f. according 
as the brushes are rocked forward or backward. 

(4) The value of the shunt excitation is changed by an amoimt 
dependent upon the sum of all the effects in 1, 2 and 3, 
and this fact increases the effect of this sum: 

In any given machine it is possible to estimate approximately 
the effect of 1, 2, 3 and 4 in varying the voltage for any given brush 
position. As an illustration, we have worked out each of the effects 
so far as they are operative on the 1000 k.w. machine mentioned. 
The values obtained give us an idea of the order of each of the effects 
as found in a normal 1).C. generator. 

The first step is to lay out the top part of the potential distribu¬ 
tion curve on a much larger scale than shown in Fig. 236. On an 
actual machine the voltage distribution on the commutator can be 
pleasured as described on page 282, or if we are given the exact 
field form in the vicinity of the neutral line we can lay out the poten¬ 
tial distribution curve as indicated on page 252. 

It should, however, be noted here that where a number of coils 
are grouped together in one slot (as is commonly the case with 500 
volt D.C. generators), the potential on the commutator at any fixed 
distance from the neutral is not a constant, but varies over a con¬ 
siderable range as the slots take up various positions in the magnetic 
field. In order to determine the limits between which the voltage 
varies a*- any point, we may proceed as follows : 

^ Fix upon a convenient number of points for drawing the ordi- 
•""^natet of the potential distribution curve of the machine in question. 
On the machine under consideration there are 48 bars. It is con¬ 
venient to fix upon ordinates which are one commutatbr bar apart, 
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that is to say, one-forty-eighth of a pole' pitch apart. The pitch 
of the commutator bars is 0 2 inch; we have therefore taken live 
ordinates to the inch along the f'ace of the eomimitator. We con¬ 
sider the case of the machine without coi)umitaling jioles. Taking 
the value of the ordinates of the field form and eonvertiug these to 
average voltage generated during the passage of a eoiidiictor from 
one ordinate to the next, we arrive at the following figures; 

0, 0;08, 0 25, 0 5, 0-82, 1-3, 21, 4, 7-8, 10, 11-5, 12-5, 13-4, 14'3. 

In the machine in question there are four eonduefors siile by side 
in one slot; and as the voltage in these four conductors will be 
practically the same at any instant we can lav out the voltajic bet ween 
bars for various positions of the armature, as shown in the accom¬ 
panying Table III. The machine in question has a full-pitch winding, 
so that each of thfe two conductors forming a coil is in phase with 
the other, and the figures ()-08, 0-2.'5, etc., give tlai mean voltage 
generated between bars as the bars move from one jiosition to the 
next. 


■J'ABLK III.—V01.TA(iKS ItKTWKKN HAHS OK CO.M.MCTATOK IN VAKIOl’S 
Four Commutator Hsiw jkt slot. FuIl-piU'li Wintiiti);. 
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In tJie first position the centre of the slot is supposed to be 
on a neutral line, .so that the e.m.k. in all four conductors is zero. 
The centre of the second slot is four ordinates away from the neutral 
line, so that the mean e.m.k. generated in each of the.four coils is 
0-82 volt, and so on. In the second position, the amiiitpiN has 
moved through one-forty-eighth of the pole pitch, so that the'JtJi^. 
in all four coils in the slot nearest the neutral is 0'08 ; in the 
slot the mean e.m.f. in the coils is 1’3 volts, and so on for various 
positions, as indicated in Table III. If we now make a summation 
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.via. 238.--S!jowing how the volt^vpc at any given position on the commutator 
pulsatoa owing to the grouping t>f the conductoni m slots. Full pitch winding. 
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• . 

of all the voltages between bars in the first portion, we obtain 
the dotted curve shown at 1 in Fjg. 238. A summation of all volt¬ 
ages between bars in the second position gives curve 2. The third 
position is shown by curve 3 ; and so on.* Thus we see that, for a 
commutator bar 1-2 inches away from the neutral, the potential 



ROCKED BACKWARD j ROCKED FORWARD 

Fw. 239.— Curve* of voltage dialrihution on o ... w ar tlw no loa<l neutral line. 


varies from 3*3 to C volts; und for a bar 1*4 inches away from the 
neutral the voltage varies from 5*4 to 11 volts. The vi*^iation or ^ 
the voltage in the vicinity of the neutral is much smaller. 
inch away the potential varies from zero to O'O volt. 1 his variation 
haiba marked effect upon the commutation, and is referrcil to aga^p ■ 
in Chapter X., p. 341. We call attention to it here only because it is 
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necesaary to point out that in drawing a potential distribution curve 
for the purpose of arriving at the .effect of rocking the brushes one 
can only draw a mean potential curve. In Fig. 239, curve A A' 
gives the voltage distribtition on the commutatoi; in the vicinity 
of the neutral line drawn to a larger scale than in Fig. 236. This 
curve is arrived at by taking the mean values from Fig. 238. It 
will be seen that the ordinates are given to two different scales. On 
the left-hand side of the figure one scale gives the potential of the 
bar above a bar on the commutator half-way between brushes, that 
bar being arbitrarily taken at zero potential.' This scale is convenient, 
because in" going from bar to bar on the figure we see at once the 
voltage between bars. The figures on the other left-hand scale are 
just double of tho.se in the first-mentioned scale, and give the volt¬ 
age between bnishes when the brushes are rockwl to various posi¬ 
tions. It will, of course, be undenstood th.at while we are rocking a 
brush forward and bringing down the ])<)tenfial of one brush 
we are at the same time varying the potential of another brush, so 
that the effect is doubled ; and it is convenient to read off the double 
effect from one figure. If there were no magnetizing or demagnetiz¬ 
ing effect, the variation of voltage as we rock the bru.shes forward 
or backward would be that given by curve AA'. ‘ ’ 

Magnetizing ampere-turns of the armature. As is welb known, 
the armature exerts no magnetizing or demagnetizing effecit if the 
current is led in and taken out exactly on the mechanical neutral 
line. On this machine, if the current is collected at a point one 
commutator bar forward of the neutral line, there will be 660'6 
amj)ere-turns ])er ])air of poles demagnetizing effect, or 333-3 ampere- 
turns per pole at full load. 

Referring now to the full-load curve C in Fig. 234, we can find 
the (ihange in voltage brought about by these demagnetizing ampere- 
turns. There are 496 turns in the shunt (oil, so that 15 amperes 
gives an excitation of 7450 ampere-turns per pole at no-load with 
33-3 ohms in the shunt circuit when running at full load in the 
vicinity of 500 volts. Now, 333-3 divided by 496 is equivalent to 
0-672 ampere in the .shunt coil. From curve C, Fig. 234, we see 
that a change of excitation of 0-672 ampere gives a variation of 
10-5 volts, .so that if the brushes are rocked forward by an amount of 
0-2 inch mca.sured on the commutator (one bar pitch) the voltage 
will fall by an amoimt equal to 10-5 volts, in addition to the small 
amount due- to the variation of the position on the potential curve. 
If the b^tishes are rocked forward by four bar pitches to a point 
0-8 ivKih ahead of the neutral, the number of demagnetizing ampere- 
turns will be 1322, equivalent to 2-67 amperes in the shunt. Curve 
C, Fig. 234, shows that this gives rise to a drop of 44 volts, so that 
when the brushes are rocked forward by this amount we ha^e a total 
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drop of 47 volts, made up of 3 volts due to a change of position 
on the potential curve and 44 volts demagnetizing effect. 

When the brushes are rocked backward, the armature ampere- 
turns give a magnetizing effect, the amount of which can be worked 
out in the same manner and plotted as in Fig. 239. But in this case 
tlie drop in potential due to the change of position on the potential 
curve must be subtracted from the rise in voltage due to the magne¬ 
tization produced by the armature. Fig. 239 gives the change in 
voltage with change of brush position at half-load and full-load 
on the generator, particulars of which are given on page 250, the 
armature winding having a full pitch. * 

Effect of short-chording of armature winding. It is the common 
practice to make the throw of an armature coil one slot short of full 
pitch. The result of this is to wipe out the magnetizing effect of 
the current carried in one slot per pole, because the current carried 
by the upper coil is in the direction opposite to the current carried 
by the lower coil. The neutralization of the ampere-turns in this 
slot does not, however, influence the amount of magnetizing effect 
obtained when the brushes are r(M;ked forward or backward. The 
rocking of the brushes forward by one slot will .still give to the 
current carried in two slots its full demagnetizing effect per pair of 
poles. The effect of a short-chorded winding is to make the curve 
giving the potential distribution on the commutator a somewhat 
steeper slope near the neutral luie. Moreover, where the armature 
is short-chorded by one complete slot, the variation of potential at 
some points on the commutator away from the neutral varies through 
wider limits. These facts will at once be apjiarent from an inspection 
of Table IV., and the various curves in Fig. 240; these are obtained 

TABLE IV._VOLTAGE BETWEEN BAIIS OF COMMUTATOR IN VARIOUS POSITIONS, 

Four Comniututor Bara por ulut. WindiiiR ahort chorded by “i*” _ 


Ko.oIOrdiBal«-3 -2-1 | 1 2 3 4 6 6 7 8 


of Bar 

-3 

-2 


1 

3 

* 

5 

6 

7 

8 

9 

10 

’ll 

12 

Ist Position - 

-1176 

0 

0 

0 jo 

l - lV.'ij 1-175 

M 75 

M 75 

6-8 

6-8 

0-8 

6-8 

12-9 

12-9 

2nd Position - 

- 0'69 

- 0-69 

-(- 0-21 

0-21 0-21 

0-21 

2-25 

2-25 

2-25 

2-25 

8-25 

8-25 

8-25 

8-25 

13-66 

3r(i Position • 

- 0-41 

- 0*41 

- 0-41 

0 ' 4 I 0-41 

0-41 

0-41 

43 

4-3 

4-3 

43 

IQ-l 

10*1 

10-1 

10-1 

4th Position • 

-0-21 

- 0-21 

- 0-21 

0-21 jo -69 

069 

0-69 

060 

5-6 

6-6 

6 - 8 , 

6-6 

12-1 

12-1 

12-1 

‘•til Puaition - 

-1175 

0 

0 

r'jT 

1-175 

1-176 

1 175 

1-176 

68 

8-8 

oti 

6-4 

12-9 _ 

12-9 

(ilh Position - 

-0 69 

-069 

- 0-21 

0 - 21 ! 0-21 

021 

226 

2-25 

2-25 

2-25 

8-26 

8-25 

•,g-2b 


13-68 

"th Positions* 

- 0 * 41 , 

- 0-41 

- 0-41 

0-41 j 0-41 

0-41 

041 

43 

43 

43 

4-3 

101 

101 

10-1, 

10-1 

Position - 

-Ctfl 

- 0-21 

- 0-21 

0-21 jo-69 

0-09 

0'69 

0-09 

56 

6-6 

5-6 

fi-6 

12-1 

12-1 

12-1 
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by taking the sums of the individual voltages betw’een bars with the 
commutator in various positions. 

In Chapter X. these potential distribution curves are referred 
to again, and it is shown that for “ half-stepped ” windings tlic 
variation of voltage for any fixed point is much reduced. 

For any given brush position we arc able to draw curves like those 
marked c and c' in Fig. 235. Curve c shows the rise in voltjige when 
the load is increased with the brushes rocked back one conmmfator 
bar. Curve c' shows the extra rise in voltage produced by the 
increase of the shunt current. Similarly, c" gives the drop in 
voltage as the load is increased on the mat^hine in (juestiftn wit h the 
brushes rocked forward one commutator bar; c'" shows the extra 
drop produced by the shunt excitation. 

(d) Effect of cotamntating pole. In order to study more cxn(;tly 
the effect on the voltage of rocking the brushes when the machine is 
provided with commutating poles, we must ])lot to a larger sitale 
the potential distribution curve in the neighbourhood of the neutral. 



This has been done for the machine in question in Fig. 241, whprft. 
the dofiJed curve AA' shows the distribution of potential in the 
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vicmity of E„ Fig. 236, plotted to a larger scale. The reason why 
the potential is at 259 and not at 250 on the neutral line is that the 
excitation of the shunt winding has been‘increased to allow for 
various drops, which we. have considered in the foregoing. If the 
commutating pole is symmetrically placed upon the neutral line 
and the brushes are also on the neutral, no increase of voltage will 
result from the normal excitation of the commutating pole. It should 
be explained that the curve AA' gives the hypothetical potential dis¬ 
tribution on the commutator, on the assumption that full-load 
current is passing in the armature and around the commutating pole, 
but that there is no disturbance of the potential due to the self- 
induction of the a,’•mature winding operating (as it does in fact 
operate) to oppose the voltage generated by the commutating pole. 

We have, in fact, a brush of a certain width'(in this case 0-76 
inch) resting upon the commutator and collecting current from the 
commutator bars. As the current is collected from the bars, its 
value in the coils under commutation changes, and a back e.m.p. 
of self-induction is set up, which opposes the voltage generated by 
the commutating pole and (in the ideal case) just exactly neutralizes 
that E.M.P., so that the potentials of all the bars under the brush 
assume a constant value, which will be very near the mean value of 
the potentials of the bars given by the curve AA'. The cu^ye BB' 
shows the distribution of potential brought about by the circum¬ 
stances described above. The ordinates of the flat part of the curve 
have the mean value of the corresponding ordinates of the AA' 
curve. The shape of the curve beyond the region affected by the 
brush is as before, except that the curve to the left of the figure 
is pulled down by the self-induction of the coils under the positive 
brush, and the curve to the right is raised by the operation of self- 
induction in the coils imder the negative brush. The effect of the 
self-induction is simply to neutralize the voltage generated by the 
commutating pole, so that there is no voltage between the bars 
under the brush. It will be seen that a black line has been drawn 
below the flat part of the curve BB' one volt lower down ; this black 
line gives approximately the potential of the brush, which is about 
one volt lower than the potential of the bars under the brush. The 
curve BB' in Fig. 241 has been drawn on the assumption that the 
brushes are on the neutral line. By the same construction it is 
possible i<t find the potential of the brush when rocked slightly 
forward or slightly backward. This is given by the curve CC'. 

Vfe see then that when the brushes are rocked backward from 
'the., neutral line the strengthening of the commutating pole with 
increase of load causes a rise of voltage. This effect is in addition 
.to, the effect considered under heading (c). The two effecte together 
may on some generators be more than sufficient to compensate for 
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effects considered under headings (a) and (6), which* would otherwise 
tend to bring down the voltage on load. A machine may be over¬ 
compounded by making use of the (c) and (d) effects. Where this 
is intended, it sl^ould be designed so that‘the saturation effect con¬ 
sidered under (6) is not too great; and the commutating pole should 
have a fairly wide face, so as to allow the (d) effect to be increased by 
having the brushes well rocked back. 

Fer any given position of the brashes it is easy, from values taken 
from curve CC in Fig. 241, to plot a curve such as d in Fig. 235, 
which gives the rise in voltage with increase of load due to the 
{d) effect on the 1000 K.w. generator under consideratiort'when the 
brushes are rocked back 0’4 inch behind the neutral point. Any 
rise of voltage, d, if it were not swamped by drops in voltage due to 
(o) and (b), would'be accompanied by an additional rise! due to the 
increase in the shunt current. The (iurve d' gives the sum of the 
(d) effect and the increase in the shunt excitation accompanying it. 
If the brushes were rocked forward to a point 0'4 inch in front of 
the neutral point, the commutating-pole liux would cause a fall in 
voltage, as shown by the curve d", and with the change in the shunt 
current there woidd be a further drop, shown by the curve d'". 

The curves a, h, c and d in Fig. 235 have been plotted to show the 
approximate amount of change, of voltage that may be expectetl 
from the various causes set out above on a modern D.C. generator. 
For any particular load and lor airy given po.sition of the brushes, 
the total change in voltage to be expected can be ascertained by 
taking the algebraic sum of each of tlic effects (a), (h), (c) and (d), 
and then making an allowance lor the change in the value of the shunt 

crrrrent by reference to Fig. 234. , 

(e) Magnetizing or demagnetizing effect of short circnit current 
under brushes. There is yet another influenr^c which may operate 
to raise or lower the voltage oir load. It not infrequently happens 
that the commutation of the current, in the coils short-cirernted by 
the brushes, takes place in a manner very different from the ideal 
manner that we assumed when constructing lig. 241. If the com¬ 
mutating pole is too weak, the commutation may be delayed until 
the very last instant before the bars break contaijt with the brushes. 
The greater part of the current is then collected by the toe of the 
brash, and the effect is somewhat the .same as if the lirushcs had 
been rocked further forward. If the commutating pole winding is 
so weak that it permits the armature to prislucc a field of wrong 
polarity under the pole, there may be an eddy current -under the 
brashes so great that the current in the heel of the brush is flowing 
in the wrong direction and the current density under the toe pf the 
brush may be exceedingly high. This eddy current in an armatiyre 
has the/fleet of weakening the mam poles m the same manner as 
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the current in the armature coils when the brushes are rocked for¬ 
ward. It may lead to a very serious drop in voltage as the load 
comes on. If, on the other hand, the commutating pole is too 
strong, the current in the short-circuited coils reverses too quickly 
and the current density’ at the heel of the brush becomes excessive, 
being fed by a reversed current at the toe of the brush. The current 
in the short-circuited coils has then a magnetizing effect, and may 
yield a very decided compounding effect when the brushes ara wide 
and the commutating pole is much stronger than is required for 
correct commutation. In cases where the commutating pole is 
saturated *at full load and unsaturated at half load, it may be that 
the commutating nole is too strong at light loads and too weak at 
heavy loads, so that as the load is increased from zero we have first 
a compounding effect due to the commutating pole and then a de¬ 
compounding effect. This is one of the causes of the marked curva¬ 
ture found in the load-voltage characteristics of some D.C. generators. 
The effect described in this paragraph is not amenable to calculation, 
because so much depends upon the resistance of the brush contact 
at various points along its surface, and this again depends upon 
the way in which the brushes are bedded and upon the way in which 
the surfaces are worn or burnt away. < • 


DEFECTS IN REGULATION. 

1. SHUNT-WOUND (iKNKUATORS. 

A giiarantee as to the regulation of a shunt generator, when 
given independently of the engine, generally specifies the percentage 
drop in the voltage between no-load and full load when the machine 
is run at constant speed. In ordinary commercial machines no 
attempt is made to make the drop in voltage particularly small. 
The greater the drop in voltfige, the greater the ease with which the 
load is distributed between the different generators. From 8 to 
12 per cent, drop is generally regarded as sufficiently satisfactory; 
and many machines having a high ratio of armature ampere-turns 
to field ampere-turns and considerable saturation in the armature 
teeth will give a drop in voltage from 15 to 20 per cent, at fiill load. 

When a machine fails to meet the guarantee, the cause or causes 
of the defect will be found to be one or more of the effects (a), (6), 
(c), (d) or (e) set out on pages 248 to 267 above. There is not much 
difficulty in finding out which of the causes is operative. 

^ Thp first step is to rock the brushes to the neutral point. ‘ (See 
page'279 as to methods of finding the neutral.) All the brush- 
••.Imlders should be inspected, to sec that the spacing of the arms is 
reasonably good (see page 331 as to methods of checking the,spacing). 
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The commutating pole should then be’ adjusted until the volbvge 
drop under the brushes assumes a reasonably gowl characteristic 
(see page 336 as to methods of tatiuig the brush drop). In this way 
we eliminate effects (c), (d) and (e), or retUice them to a very small 
amount. 

By measuring the resistance of the armature circuit, including 
the commutating-pole winding and connectors to the switchboard, 
we are able to calculate the cffe(;t (a). After eliminating (c), {d), 
and and allowing for (a), we arrive at the effect (6), which is not 
uncommonly of considerable magnitude. 

The machine is run at a constant .speed (or, if this is impossible, 
the speed is measured accurately, and allowance is made for change 
in speed). The voltage is measured at different loads, and the 
constant-speed voltage characteristic is plotted from no-load to over¬ 
load. Next the (a) effect is calculated, and the (6) effetd is plotted 
on a separate sheet. The (b) (diaracteristic invariably shows a good 
deal of curvature (see b, Fig. 235). On commutaling-pole machines 
the curvature is sometimes increased by the effect described on 
page 260. It is the curvature of the tdiaracteristic tliat cau.ses the 
chief difficulty in making D.O. m.achincs share the load when they are 
connected in parallel (see page 372). 

Method of reducing the drop in voltage due to the saturation of 
the teeth. After a machine has been designed .and built, it is too 
late to think about reducing the saturation of the teeth .at no-loatl; 
but a great deal can often be done to reduce the supcr-.s.aturation that 
occurs at full load in the teeth under the tr.ailing horn of the polo 

(see Fig. 233). „■ / 

The simplest pl<an, if it can be c,arried out without calling for too 
great an exciting current, is to lengthen the air-gap. 1 his can some¬ 
times be done by merely taking out liners from under the poles 
where bners have been provided. Where liners have not been pro¬ 
vided, the air-gap may be increased by boring it out.- I his, how¬ 
ever, must not be done until it has been ascertained whether it is 
permissible to lengthen the air-g.ap by an aiiprcciablc amount with¬ 
out running into other troubles. The three troubles to be leared 
from the lengthening of the air-gap arc: 

(1) Heating of field coils owing to greater c.xc.iting current. 

(2) Inability to obtain the required e.xciting current owing to 

the resistance of the field coils. 

(3) Failure to meet efficiency guarantees. 

A heating test will show whether there is a substantial margin 
in the cooling conditions, which will enable the current to Ite sub¬ 
stantially increased without exceeding the guaranteed temperat^ 
rise! In cases where a good margin has been provided in the rheostat, 
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it will be possible to get ^ufScient exciting current without rewinding 
the shunt coils. In considering the effect on the efficiency, it must 
be remembered that an increase fef the air-gap on a D.C. machine 
is often accompanied by ,a reduction in the pole-face losses; and 
this may go a long wayto compensate for the increased losses in the 
shunt coils. If it is found that the field current can be increased 
substantially without fear of any of these troubles, the next step 
is to make a rough calculation to ascertain by what amount the 
saturation of the teeth will be reduced by increasing the iTir-gap 
by the amount which is seen to be permissible. This is best done 
by laying, out * an air-gap-and-tooth-saturation curve, and from it 
the field form at full load. This should be dgne for both cases: 
(1) with the air-gap as it is, and (2) with the air-gap as proposed. 
It will then be seen whether any substantial improvement can be 
effected by the simple means of lengthening the gap. It will gener¬ 
ally be found that unless the gap can be very substantially in¬ 
creased the improvement in the full-load conditions is not very 
marked. 

A very much more effectual way is to taper the air-gap so as to 
make it great under the trailing horn and small under the leading 
horn of the pole. We are here speaking of a generator; for a motor 
the taper should be reversed. The effect is to make at no-load an 
unsyinmetrical field, which becomes more symmetrical as the load 
comes on, so that at full load the saturation under the trailing horn 
is not at all excessive; 

Fig. 242 shows the way in which the 1000 K.w. generator described 
on page 250 would be improved by giving a taper to the gap. Under 



the leading horn of the pole the gap is only 0-2 cm.; while imder 
the trailing horn it is 1 cm. If we wish to calculate roughly the 
effect of so tapering the gap, the first step is to plot a number of air- 
sap-and-tboth-saturation curves, as shown in Fig. 243. In tffis 
figure the saturation curves are plotted for gaps 0’2, 0'4, O’0, 0 8 
and 1 cm. respectively. The abscissae show the number of ampere- 
turns expended on the air-gap and the teeth of the armature for 
different flux-densities in the air-gap. If now we make a plot of 

* Soe Spe(i/t:ation ami Design of Dgmmo-Electric Hackinerg, p! 78 . 
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the distribution of m.m.f. along the aif-gap for any particular load, 
as was done in Fig. 233, we can by means of Fig. 243 plot the field 
form for that particular load. ’ 

Curve A in Fig. 244 shows the same fjelil form as in Fig. 233 for 
the 1000 K.w. generator running at no-load with a .symmetrical air- 
gap. Curve B shows the no-load Hold form with the taper gap. 
The excitation is taken at 6000 ampere-turns per pole. Curve C 



shows the field form at i load, ami curve D the form at J load. 
The full-load curve is marked A’; it will l)c seen thaf|,it is more 
nearly symmetrical than li in Fig. 233, which is drawn for the same 
excitation (6000 ampere-turns) and the same load. It will b^ seen 
that in curve B, Fig. 233, the flux-density runs up to 12,200 at the 
highest point, whereas in curve E, hig. 244, the highest tluxylensity 

is 11,100. , 

* Taking the area of curve A to represent 600 volts, we can Mid 



272 


DIAGNOSING OF TROUBLES IN DYNAMOS 

the voltage gencfated at any load by multiplying the area of the 
curve for that load by the constant 

500 

. ' Area of A' 



Flo. 2 t4.--Showing amount of Ih-ld distortion on generator with tai)orcd air-gaps, 
at various lomU 


It will be found that as the load is' increased from zero, the areas 
increase. This is because of the high saturation under the leading 
hom of the pole, which for small clianges of load does not permit 
of as much change of the flux under that pole as occurs under the 
trailing ho^n when the flux is increasing. After three-qharter load 
is reached, the saturation under the leading horn disappears, and 
the areas gradually diminish with increase of load. 

. If we plot the voltages generated at the different loads, we get 
a curve bke that shown m Fig. 246. This curve has about the same 
curvature as curve b in Fig. 236. By still further increasing the air- 
gap under the trailing hom and increasing the ampere-turns on uhe 
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pole, the rise of voltege can be continukl up to thb full-load point. 

and the curve then becomes rather flatter. ^ 



Fio. Sbowiiig improved regulation uith taiwred air-gaii (Join].niii eurve 4, Fig. 235. 


ir. COMl’OUM) WOUND OKNKliATOliS. 

When a field winding connected in series with the iirnmturo is 
added to the shunt winding for the purpo.se of coiinterat^ting the 
various drops jn voltage that wo have consitlercd in tlie preticding, 
it is found that it cannot be made to neutralize e.vac.tly the effect 
of these‘drops, because the series ampere-turns are st rictly propor¬ 
tional to the load, whereas some of the effects mentioned above 
(notably the effect (b), page 248), iire not jirojMirlional to the load. 
Moreover, the magnetic circuit of the generator is usually more or 
less saturated, and this gives a further curvature to the <diara<!- 
tcristic of the compound-wound machine. If, for instance, we add 
a series winding of one turn per pole to the 1000 k.w. generator 
whose shunt characteristics are given in I'ig. 235, it will be found 
that the load characteristic takes the form shown in curve A in 
Fig. 246. If we adjust the compound winding to neutralize 
exactly the effects (a), (h), (c), (e) and (.?) at the fiill-lofid point, so 
as to obtain the same voltage at no-load as at full load, it will be 
found that at intermediate loads the series winding more than 
neutralizes the drops caused by these effects and gives a voltage 
higher Ijian at no-load. The increase of load above the full-load 
point will result in a drop in voltage below the no-load voltage. 
Thus the term “ level-compounded,” applied to a generator that 
has been adjusted in this way, is somewhat misleading. 

When the series winding is adjusted so as to give a considerable 
rise in voltage at full load, in order to compensate for the drop in 
the line, it will iiwariably be found that there is a considerable 
curvature in the characteristic, duo to the causes mentioned above 
{see* curve 'JS, Fig. 246). For the same increments in the load 

W.D. ' * S 
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the voltage will *1186 more rapidly at a light load than at a heavy 
load. 

Machines of different designs,‘and even machines of the same 
designs when differently, adjusted, may have considerable differ¬ 
ences in the amount of curvature of the load characteristic; and 
this may lead to difficulties in the distribution of load between 
machines running in parallel. 



Fia. 246. 


Equalizing of compound-wound D.O. generators. 

When compound-wound D.C. generators are to be run iq, parallel, 
it is necessary to connect the series windings of tlie two generators to 
an equalizer bar, as shown in Fig. 247. The effect of this connection 
is to give a common supply of current to all the series windings. 
If this is not done, any one machine that for the moment is giv ing 
more current than its neighbour will have its voltage raised higher 
than that of its neighbour, and the load will go on mcreasing more 
and more until it brings out the circuit-breakers. 

Effect of resistance in equalizer bar and connections. 

. If the resistance of the equalizer bar and the connections between 
it and the generators is too high, it will fail to do its duty, and the 
cpmpound-wound generators will not run in parallel. This matter 
is most easily studied by taking the case of two exactly similar 
pneratqrs, A and B, connected in parallel as shown in Fig. 247. 
The resistance of the series winding in each machine is .denoted 
by B and the resistance of the equalizer connection by r. In the 
first place, we shall assume that the characteristic of each machine 
when operating as a shunt generator (series winding cut out) is such 
that the'voltage generated changes with the load according to the 
.. F=7,-fc»/, 

where I is the load current in the machine and k is the negative slope 
of the characteristic (taken for the moment as constant). When 
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the voltage of the compound-wound generator ehangen with the 
load acgordiiig to the law 

Y-A\kJ\kA 

where is the slope we would have on the eharai terislie if k, were 
zero and I were equal to S. Thus for the two machines we have 
*■•>6 laws V„ kJ,\k,S, 

and f 5 -- I'll kiI „ i 

k,(l„--U \k,{S,- S,,). 

Let the current in the equalizer he denoted hy s. Then 
V, v=i,(/„-/,)+*,(-S’, -S,). • 

From the diagram (Fig. 247) we have 

s and l„ Si, n; 

rs-*i(/,,---/d t4(/.,--/„)-2ivs'(/-j- /•,)(/., In) rs I 'lkiX. 
Again, from Fig. 247, we see that 
• RSj rs \ US,, -, 

therefore R{S,,-Si) =rs, .so that 

and /^-/„-^^,5-t2,s. 


Substituting in the equation above, we get 

(fc.-it.)(r-P2«)-r«424/f, 

2Rh 

^’^k^{tc,+R) . 


w 


and finally 
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Taking for thfl moment only positive Values of r, this expression 
gives the limiting value of the resistance of the equalizer connec¬ 
tions. For lower values the generators are stable, for higher values 
the generators are unstable. It will be seen that the limiting value 
is proportional to the resistance of the series windings and to the 
downward slope of the shunt characteristic. Where is greater 
than (iiH-Zi) the machine acts as an over-compounded generator. 
Where k, is much greater than (ki +R) the limiting value of r is 
small. Wliere k^ is only slightly greater than (I:i +K) the m&hino 
acts more nearly as a level-compounded generator, and in this case 
the value "of the equalizer resistance may be fairly great without 
endangering the stability. Where (ki+R) is greater than itj the 
machine acts as an under-compounded generator; the limiting value 
of r is then negative, and the machine is stable for all positive values 
of r. 

Instability of compound-wound generators. 

It sometimes happens (especially in the case of turbo machines 
fitted with compensated windings) that compound-wound generators 
will not run well in parallel although the equalizer connections have 
been made with quite heavy cable. It may be that the genera¬ 
tors are rather far from the switchboard where the equalizer bar is 
and the cable connections are rather long. There are two reasons 
why the conditions may lead to in.stability in the case of turbo¬ 
generators. In the ii'r.st place, the resistance of the series winding, 
R, is usually very low in turbo-generators, and in the second place 
the value of A, is probably low because the resistance of the armature 
is very small; the effect (h) (page 248) is negligible when a compensa¬ 
ting winding is cn\pIoyed, and the effects (c), {d) and (e) may easily be 
such as to reduce the value of A, or even to make it negative.. In 
cases of this kind it may be costly and difficult to make any reduction 
ii} the resistance of the equalizer cables. The trouble may be cured 
by rocking the brushes forward so as to increa.se the value of A,, 
or by putting resistance in scries with the scries windings so as to 
increase R. When the over-compounding is excessive some of the 
current may be diverted from the series windings. The effect of 
any changes can bo approximately calculated from the formula 
(1) on page 276. 

Equali7,er on the same side of generator as the anfineter and 
single-pole breaker. Mr. E. P. Hill has drawn attention * to the 
large number of troubles that arise through want of knowledge of 
the function and proper position of equalizing connections. In 
cases where the switchboard is supplied by one firm and the generator 
by another the only person responsible for the co-ordinating of the 

* Ekdrical Engineer, vol. z., page 462 (1014). 
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connections is the customer’s engineer and he does not always realize 
the importance of certain detaik 

It is very important that the equalizer shall not be connected to 
the same side of Jihe generators as the ammeters as sliown in h’ig. 248. 
If this is done it will equalize the current between the two ammeters 
and the switchboard attendant will not know when one machine is 
taking more load than the other. The mistake is very obvious 
whemseen in a diagram as in Fig. 248, but on a switchboard where 
the connections are not so apj)arcnt the mistalo' may pass unnoticed 
and the trouble on the generators may be att rilmtecl to otjier causes. 
It is equally wrong to connect the equalizer on tlie same side as the 
single-pole circuit breaker as sliown in l''ig. 24,S, because it prevents 


+ Main 



+ Main 
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the circuit breaker from cutting out the machine on overload. If 
one of the generators is very much overloaded the. current will 
divide between the two circuit breakers and neither will open until 
the load on one breaker reaches the overload value for which it-ia 
set. Before this occurs one of the generators may be taking more 
than twice that overload, because t hrough some accident the other 
generator might be motoring. As soon as one breaker «•"'«» 

It will throw double the load on the other, winch will come out with 
a greafbang. The right method of making the connections is shown 

Kid it be found that by an oversight one of thesojerrors h^ 
been made one way to overcome the trouble is to flash over the 
polarity of the generators and reverse the cables at the switchboard,, 
thus putting the existing equalizer on the negative side (the single- 
pole Leaker and the ammeter being usually on the positive side). • 
If this is npt practicable the ammeter must be changed over to %. 
otW sidf and an additional single-pole switch installed so as to get 
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a doable break and ensure that each generator can be cut out inde¬ 
pendently when its load reaches a prescribed limit. 

Instability of shunt-wound generators. When shunt generators 
are provided with commutating poles and an attempt is made to 
reduce the drop in voltage at full load by strongly exciting the 
comVnutating poles and rocking the brushes back, there is danger 
that, at light loads the machines will be unstable between them¬ 
selves, some acting as generators and others as motors. Whon an 
attempt is made to put load on one of the motoring machines by 
strengthening the -field, it will suddenly take all the load, and other 
machines may then run as motors. This behaviour is more common 
with motor-generators run by synchronous motors at a perfectly 
constant speed than with engine-driven generators in which the 
drop in speed tends to equalize the load. The obvious cure is to 
see that the brushes are not rocked too far back, and that the com¬ 
mutating poles are not too strongly excited. Where the shunt 
characteristic is very much curved owing to the effect (6) (page 248), 
it may not be possible to make the drop in voltage at full load very 
small and at the same time preserve stability at light loads. 




CHAPTER VIII 

DIRIiCT-CURUENT GENERATORS ((’onlinued) 

Methods of finding* the neutral point. 

In the iirst place, it sliould be pointed out that some confusion 
arises owing to the different meanings attached to the expressions 
“ neutral plane ” and “ neutral line.” These terms are applied (1) 
in connection with the magnetic field of a generator; (2) in con¬ 
nection with the distribution of e.m.f. on a commutator. 

(1) When used in coimection with a magnetic field the neutral 
plane is an imaginary plane drawn midway between a iiorth pole 
and a spnth pole parallel to the shaft, and may be defined as the 
plane in which there is no radial component of magnetic flux density. 
In a magnetic field distribution diagram, such as Fig. 233, the 
neutral plane is represented by the neutral line. When a machine 
is on no-load and has a field-form which is symmetrical about the 
centre line of each pole, the magnetic neutral plane is midway 
between the north and south pole. When the machine is loaded 
the magnetic neutral plane is moved in the direction of the rotation 
in the case of a generator and against fhe rotation in the case of a 
motor. 

(2) In ordinary parlance the “ neutral ” means the neutral am 
the commutator. Here a distinction must be drawn between the 
“ mechanical ” neutral, the ” no-load ” neutral and the neutral at ivny 
particular load. When the field is perfectly symmetrical about the 
centre line of each pole the mechanical neutral and the no-load 
neutral are identical. The mechanical neutral plane on a com¬ 
mutator is an imaginary radial plane parallel to the shait 'vimich cute 
through the centre of a group of commutator bars which belong to 
a coil lying in two slots, when those slots are m such a position 
with respect to a pole that the flux is at its maximuni and*the s.u.v. 
in the coils is zero. In speaking of the bars which belong to a con¬ 
ductor of a certain coil, some confusion arises, because ca«h coil 
is connected to two bars. To be perfectly preciM, we should fix 
our attention upon, the mica segments that he between pairs of 


e-S. 
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bars,* each bar of the pair being connected to the coil in question. 
Thus for a coil consisting of four ptraps side by side there will be 
three mica segments across which the voltage generated in the four 
conductors is exerted. The centre of the three mica segments lies 
on the neutral plane when the coil in question embraces the maximum 
magnetic flux from any pole. In the case of a full-pitch winding 
the neutral on the commutator will lie on the centre of the group 
of rfiica segments, when the coil in question lies in the magnetic 
neutral planes. On a short-chorded winding a coil will lie between 
the magnetic neutral plane and the pole at the instant when the 
centre of its group of segments lies on the neutral of the commutator. 

Sometimes by accident or design the distribution of the magnetic 
field is not symmetrical about the centre line of each pole. In this 
case the mechanical neutral differs from the no-load neutral. Where 
a machine is provided with commutating poles the residual magnetism 
of the commutating poles is generally sufficient to make a difference 
in the position of the mechanical and the no-load neutrals. The 
position of the neutral on the commutator will depend upon the 
arrangement of the end windings of the armature. Where the 
end windings are symmetrical so that the mica segment lying 
between the ends of a coil lies midway between , the slots 
in which' the coil lies, the mechanical neutral on the com¬ 
mutator lies opposite tlic centre line of the pole. It not 
uncommonly happens, however, that the end windings of the 
armature are not perfectly symmetrical so that the neutral point 
on the commutator lies a short distance before or a short distance 
behind the centre line of the pole. Very often the banding wires 
of the armature prevent one from tracing out the end windings of 
the armature and identifying a particular commutator bar as belong¬ 
ing to a particular conductor lying in a slot. Where no other means 
are available one can always identify a particular conductor as 
belonging to any particular bar by passing a current from the bar 
through to a needle point pressed through the insulation at the end 
of ,the machine opposite the commutator and working by the drop 
in potential method described on page 18. After the conductors 
lying in a particular pair of slots have been identified with the 
segments belonging to them and both marked with chalk im a con¬ 
spicuous manner, the mechanical neutral can be found by turning 
round the armature until the two slots are near the magnetic neutral 
and stand in a perfectly symmetrical position with respect to the 
pole .they ■ embrace. The centre of the segments, then lies on the 
mechanical neutral of the commutator. 

♦ In' the case of a acries-wouml inaehine, the mica aegment to which we refer is tlie 
.segment across wliich there is no voltage by reason of tlie fact that the sum of the E.liiF.’s 
in all the coils connecting the adjacent bars is equal to aero. 
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“ Kick Neutral.” 

A favourite way of finding the no-load neutral is to connect 
the positive and negative brushes to the positive and negative 
terminals of a low reading voltmeter, and flien to oba'rve wlietlicr 
there is any deflection of the voltmeter when current, is j>as.scd 
through the field circuit. By trying the brushes in various positions 
and noting the direction of the detlection produced, a position can 
be found at which no deflection is produced on the voltmeter when 
the field current is suddenly switched on or suddenly switched off. 
This point is commonly taken as the no-load neutral, ami for praev 
tical purposes the method is often sufllcientlv accurate. It slioiild 
be noted, however, that there are two .sources of (irror w hich aris(5 
in this way of taking the no-load noitral: 

(1) The slots rday not be in a symmctri<al position with regard 
to the poles. 

(2) The pomt of contact of the bntshes ujron the commutator 
is rather indefinite, and it by no means follows that the average 
point of contact of all the brushes lies in the centri! of the brush. 

To get a more accurate indication of the ])osition of the no-load 
neutral by the “ kick ” method, distinction shouhl be drawn betwamn 
lap windings and w.ave windings. In the case of a lap winding (on 
which the phase position of the slots with re.spetd. to the po es is 
usually the same for all poles) one can jirociicd as follo\y.s; liaise 
all the brushes except one positive brush and om> negative brush. 
Turn the armature until a pair of slots carrying a ciii near tlie 
neutral lies in a perfectly symmetrical posit ion with regard to the pole 
that it embraces. Find the mica segments wlmh separate < 
ductors of the single coils lying in the .slots in question. If there 
are an even number of these, .say four, there will be an odd im "ber 
of bars included between the two outer ^ 

arc an odd number of mica segments there will be an. even nun cr 
of bars embraced by the segments. Where there are an (Hid num . r 
of bars place a piece of copper wire bet ween 
positive brush, and another piece of iioppcr wiic le a , ' ^ 
bar and a negative brush. Connect the brushes to ^ ' 
and turn on the field current. Move the armatuni a 
or the (Jther way until no deflection is obtoined. J he entre of the 
centre commutator bar is then upon the no-load 

If there are an even number of bars, a picric of crinkled copper 

wire should be so placed that it 'ifAhc 

brush and another similar piece of wire should 

bars to the negative brush, and the same, me , P,/ • 

before. When no deflection is obtaimid on voltmeter tk ^ 
segjnent lying between the two centre bars lies on the noloail 

neutral. 
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On a series-wound armature the slots under one pole very commonly 
bear a different phase position from that of the slots under another 
pole. To get at the no-load neutral one must take the average effect 
of the conductors that coMect two adjacent commutator bars. These 
form a wave winding distributed near the neutr^ points between 
each pair of poles all around the armature. This is best done by 
lifting up all the brushes except one on each brush-holder and 
grinding in that brush rather carefully so that it touches an the 
commutator fdirly well in its middle region. The ordinary method 
of grinding in a brush with emery cloth leaves the face of the bruslk 
in such a shape that it tends to bear in the centre of the brush rather 
than at the edges.. The positive and negative brushes are attached 
to the positive and negative terminals of a low-reading voltmeter. 
In the case of a series winding it is well to check 'the position of the 
neutral with the armature turned to various positions until the 
armature has been turned through 180 degrees. This is to avoid 
the effect of any dissymmetry that may exist in the air-gap. 

Method of finding the neutral when the machine is running. 

Sometimes it is inconvenient to shut down the machine to find 
the neutral by the “ kick ” method, and one must content oneself 
by exploring the face of the commutator with two voltmeter points 
held so that they are about the pitch of one commutator bar apart. 
A good place to do this exploring is on the radial end of the com¬ 
mutator, which should be previously polished with a little carbo¬ 
rundum paper. It is better to use carbon points than metal points 
for this purpose. The two points are pressed upon the commutator, 
and while the distance between them }a kept constant the pair of 
points is rocked backward and forward until a position is foimd at 
which no deflection is obtained upon a low-reading voltmeter. 

ll^thod of taking the voltage distribution curve on a commutator. 

For many purposes it is desirable to know how the voltage is 
distributed around the commutator of a D.C. machine and to be 
able to plot a potential curve like that illustrated in Fig. 236. An 
apparatus suitable for the purpose is shown in Fig. 251. It consists 
of a guide-strip of fibre or leatheroid in thickness forming 'a sector 
of a circle, which is rigidly attached to two brush-holders and lies 
in a plane «at right angles to the axis of the machine, so that it may 
press lightly, against the radial edge of the commutator. The exact 
method of attachment to the brush-holders must be worked out for 
each t;roe of brush-holder support. The point to keep in view is 
thatj.timle it is convenient to have some tangential adjustment when 
^ing the guide-strip in position, we must be sure that after it has 
been tightened up no movement relatively to .the brush-holders is 
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possible. The guide-strip is pierced with a number of holes of a 
diameter just sufficient to admit the round lead of a 4H lead pencil. 
These holes commonly have a pitch equal'to the pitch of the com¬ 
mutator bars; but this.is’by no means necessary. The holes should 
lie on the arc of a circle that is exactly concentrife with the centre 
of the machine, the position of the arc being such that the lead of a 
pencil inserted through one of the holes bears directly against the 
radial edge of the commutator. The guide-strip* should be so close 
to the face of the commutator \hat the overhang of the lead of the 
pencil after being passed through the hole is not more than 
In cases where it is desirable to make the pitch of the holes extremely 
small, two rows of holes may be pierced, as shown in Fig. 262. The 
holes should be numbered with very legible figures, so as to avoid 
mistakes in taking readings. A good way of arran^ng the lead 
pencil for connection to a voltmeter is shown in Fig. 253. The 



lilo. 2r>3.—Arrangement (if a 4H pencil for taking the distribution iiotential 
on a cuininutator. 

«• 

wood is cut away so as to allow the lead to project half an inch ; the 
insulation is removed from the end of a piece of ordinary flexible 
conductor, and the fine copper strands are tightly wrapped to the 
lead for a distance of about J" by means of very fine binding wire. 
It is best to prepare three or four of these pencils, so as to have a 
spare ready in (iase one of the leads should be accidentally broken. 
It is better not to sharpen the lead, but to keep it at its full diameter 
with the end squared off ; it can then be made to fit exactly the holes 
in the guide-strip. 

In fixing the guide-strip, it is well to arrange one of the holes 
(Siy hole No. 10) so that it is exactly opposite to the centre of a 
brush or some other prearranged datum point. A record must be 
nrade of what this datum point is and of the number of the hole that 
is opposite to it. 

Before beginnitig to take readings, one should see that there 
are no circumstances in connection with the machine that w'ill tend 
to interfere with the shape of the potential curve. In particular, 
the followhig matters shoidd be looked to : 

(,l) The brushes should be correctly spaced (see page 333). 

(2) The brushes should be evenly ground in (see page 319). 

(3) ‘The brushes should be rocked to the desired position, and a 
careful record should bo made of the position of the brashes with 
rbspect to the no-load neutral (see page 262). 
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(4) If the potential curve is to be talceri on load, a record must 
be made of the adjustment of the commutating poles. 

(5) The load should be evenlj^ distributed between brusli-arms 
(see page 329). 

The fleable leads from the pencils are connected to the terminals 
of a multi-range voltmeter, such as that illustrated in Kig. 1. It 
is well to get into the habit of turning back, after each reading, the 
switch^on the voltmeter that changes the range, so that the switch 
is normally left in a position in which it is safe to apply the pencils 
to any part of the machine without endangering the voltmeter 
During the reading the switch can be quickly turned roiintl .so tliat 
the instrument reads on the best scale, and at tlic .same tiimc as the 
reading is taken the scale of the instrument is reciorded. The volt¬ 
meter should preferably have a fairly high resistance, not less than 
10,000 ohms; this is necessary, because the contact re.sistance 
between the commutator and the end of the pencil will influence the. 
reading, if it is not negligible in comparison with the. voltmc'tcr 
resistance. It is well to observe whether an increascc of jeressure 
of the pencil on the commutator makes a sensible change in the 
reading. It is desirable to have the pressure of the ])en('il not too 
heavy, or it;p rate of wear will be too rapid. With a high-resistance 
voltmeter, a steady reading can be obtained with quite a light pre.s- 
sure, so iWt a quarter-inch length of 4H pencil will last h)r a whole 
.set of readings. In this connection it is worth while to take som(( 
care in the preparation of the radial edge of the <!ommutat.or; it 
should be carefully ground smooth with carborundum paper and 
highly polished with glass paper. 

It is convenient to begin with one pencil on t in; datum point and 
the other in the next hole to it, the second reading being taken 
with the first pencil at the datum point and the secoml pencil iti the 
third hole, and so on. It will be found convenient to arrange, the 
holes so that one can take readings on both sides of the datunf 
mark without shifting the guide-.strip. Care should be taken to 
maintain the conditions constant throughout, the whole, .set of read¬ 
ings; for this purpose it is well to have an ammeter in the field 
circuit and to see that the current is constant. If it is irnpo.ssiblc 
to kcep.the load comstont, readings of the load current mu.st be taken 
simultaneously with the voltmeter readings. 

Sometimes the object of the test is to compare the, potential 
distribution curve between one pair of brush-arms with that between 
another pair of brush-arms. In this ca.se, care must be taken yhen 
moving the guide-strip to see that exactly the same datum point is * 
taken on each brush-arm. There are two methods of uifing an 
apparatus of the kind shown in Fig. 251. According to one method ^ 
one terminal of the voltmeter is connected to one of the brusll* 
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holders and the'other to a'pencil which is pressed upon a point of 
the commutator. This gives a measurement of the difference in 
potential between the brush and that point of the commutator. 
According to the other method two pencils are used, connected to 
the terminals of the voltmeter and pressed upon adjacent points of 
the commutator, the distance between the pencil points remaining 
constant. The reading on the voltmeter is then proportional to the 
voltage between adjacent bars. When this second method is em¬ 
ployed the sura of the individual readings should be equal'to the 
reading obtained by placing one pencil at one end of the measured 
range ami the other pencil at the other end. The first method 
will be found most convenient for taking a potential distribution 
curve. 

Uethod of taking the approximate field form. 

On a lap-wound D.C. generator having a full-pitch winding, the 
voltage between adjacent commutator bars is roughly proportional 
to the flux density in the air-gap at a point where the coil between the 
two bars is at any particular instant. The measurement of the 
voltage between adjacent bars at successive points enables us to 
make a plot of the approximate field-form of the generator. The 
field-form is of course distributed by the presence of open slots, but 
the average flux density at any point of the field-form gifes us an 
average voltage at that point which is proportional to the ordinate 
of the flux density curve. In cases where the armature coil has not 
a full-pitch the two coil-sides are a little out of phase and give us a 
blurred field-form, which is, however, often sufficiently accurate 
for our purpose. On wave-winding we also get a blurred field- 
form. 

When measuring the voltage between bars each pencil should 
be clearly marked or coloured so that it can be instantly identified 
as belonging to the positive or negative terminal of the volt¬ 
meter, otherwise mistakes may be made in the polarity of the 
readings. 

Comparison between readings on U.O. and on A.C. voltmeters. It 
should be remembered that the readings that are taken on the 
D.C. voltmeter give the mean difference of potential betw.een the 
two pencil pomts. In practice, the difference of potential is rarely 
constant, there being an alternating e.m.f. superimposed upon the 
direct e.m.f., for the reasons explained in connection with Figs. 238 
and,240 (and see page 342). For some purposes it is instructive 
■ to read the difference of potential between the pencil points both 
on a J>.C. voltmeter and on an A.C. voltmeter. If the two readings 
are Sensibly the same, it shows that there is not much alternating 
' component in the voltage. The square of the A.C. coiriponent 'can 
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be obtained* by subtracting the squhre'of the'D.C. instrument 
reading from the square of the A.C. instrument reading. 

MINOR DEFECTS IN DlRECT-CCRIUiNT GENEHATOHS. 

Failure to excite. 

(1) If a D.C. generator is run for the first time and fails to e.KciU*, 
it may be that the shunt coils have been connected in the wrong tray. 
For a given machine running in a given direction there is only one 
right way of connecting the shunt («ils. Referring to tlie two-pole 
machine shown diagrammatically in Fig. 251, suppo.se Aliat with 
a north pole on the right side of the armature a clockwise rotation 
gives positive polarity on the upper brush, then the shimt coil must 
be connected as shewn in the diagram, 
so that the current from the positive 
brush passes round the field magnet in 
a way that strengthens the north pole. 

If the pole on the right hand were a 
south pole, the same direction of 
rotation would give negative polarity 
to the uppqr brush, and with the con¬ 
nection as shown the current would 
pass ag.^inst the arrow-heads in the 
Fig. 254, so that the south pole would 
be strengthened. If, however, the; shunt connections ai'c reversed, 
then whatever the polarity of the miignet the current, from t.he 
armature would tend to weaken the pole -that is, ri'duce t he residual 
magnetism. 

(2) Brush holders rocked through a pole pitch. .Sometimes after a 
machine has been running with the shunt coil properly connected, 
the brush-holders have been by mistake rocked through a ])olc piR^h 
so that what are the upper brushes in Fig. 254 become the low(y 
brushes. This has the effect of reversing tlu; shunt connections, 
and the machine will fail to excite. 

(3) Brushes not down. The brushes should be carefully inspected 
to see that they are making good conbict with the commutator 
and ara working well in the holders. 

(4) Brushes off the neutral Sometimes the bru.she8 have been 
rocked a long way from neutral and are in contact wit^ armature 

• The proof of tliw is aa follows : Let the volUj;.' vary ,t» A + /(»iti(s<. The. A.C. 
instrument re.ads the 8f]uai'e root of the mean H.)uare of this, or 

d r'(.l' + 2Afi8iii i»t + = 

2ir Jn 

The D.C. initrument reads only A, so that the difference of the wiiianw i>ives j/P. 
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coils passing undfcr the iriain"field. If the brushes are rocked forward 
the current in the coils short-circuited by the brushes will have a 
demagnetizing effect upon the ma^et and oppose the excitation of 
the machine. If the brushes are rocked a little back from the 
neutral the current in the short-circuited coils has a tendency to 
assist the excitation. 

(5) Resistance in field circuit too high. To make a machine excite 
as quickly as possible the rheostat shoidd be put-in the “ all out ” 
position. It has been shown on page 244 that there is a Critical 
resistance in the shunt circuit above which the generator will not 
excite wlicn running at a given speed. Even when the sum of the 
rheostat and shunt-coil re.sistance is well below the critical value, 
the machine may fail to excite, on account of the virtual high resist¬ 
ance of the brush contact. This is explained more fully on page 247. 
The difficulty does not occur unless the residual magnetism is very 
low. 

(C) Shunt coil open circuited. If the matters mentioned in the 
preceding five paragraphs are in order, and the machine still fails 
to excite, it is necessary to make an examination of the exciting circuit 
and see that there is no break in it. One way of checking this is to 
connect a low-voltage battery in circuit with it and see whether any 
current passes. Current will be indicated by a spark on account of 
the high self-induction of the shunt coils. In connecting the- battery 
one should see that it is connected in so that it tends to help the 
residual magnetism and not to reverse it. For this purpose one 
should definitely ascertain which end of the shunt circuit is intended 
to be positive and connect in the battery accordingly. The methods 
of finding a fault in any circuit have been discussed on pages 36 
to 40. 

(7) No residual magnetism. It sometimes happens that by some 
accident the residual magnetism of machines has been reduced so 
nearly to zero that the effect described on page 247 prevents the 
machine from exciting. The connecting in of a battery as described 
m the last paragraph, especially if it . is kept in circuit while the 
iriachine is run, will give sufficient magnetism to overcome this 
defect. As soon as the machine begins to build the battery should 
be taken out of the circuit. Where there is voltage availabje from 
other machines, it is of course possible to pass the current through 
the shunt coils from the busbars, care being taken to preserve the 
right polarity of the machine. 

(8) Field coils wrongly connected. It may be that on a two-pole 
maclhine the two shunt coils arc connected in series so that they 
oppose'one another. This is a matter that is easily checked and 
rectified. 

If on a four-pole machine one of the shunt coils is reversed, 'the 
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effect will be to so lower the voltage generated by the brushes that 
the resistance of the shunt circuit will probably be above the critical 
value, and for that reason the machine will fail to excite. 

If all matters covered by the seven p^cding paragraphs are in 
operand the gefterator still fails to excite, current should be passed 
through the shunt coils and their polarity observed, and if necessary 
corrected. 

(9) Armature short-circuited. If there is any serious short circuit 
in an armature, the current set up when it is rotated in the magnetic 
field will tend to demagnetize the field. The coils that are short- 
circuited will rapidly heat up. See pages 30 to 3(). 

Wrong polarity. 

The polarity A^ith which a generator will build up will depend 
upon the polarity of the residual magnetism. After a machine has 
been in service it is usually found to retain its residual magnetism 
in one direction, so that when it is run up to speed the brushes have 
the desired polarity. 

(1) It may 'be, however, that by some accident the residual 
magnetism has been reversed. This sometimes happens on a genera¬ 
tor provided with a series winding on the field-magnet after a short 
circuit has occurred and the breakers of the station have come out. 
Where t*here are several machines running in parallel those machines 
which have for the moment the greatest amount of stored energy 
in the series coils may discharge their current through other machines 
having a less amount of stored energy. In the case of rotary con¬ 
vertors on short circuit there are other reasons for reversible polarity, 
as mentioned elsewhere. 

(2) Brushes rocked through a pole pitch. Sometimes the brush 

rocker and connecting leads are so constructed that it is possible 
to rock them through more than a pole pitch. It may be that an 
attendant in cleaning or grinding in brushes has rocked the holder 
as far as it will go in order to get at bnish-holders otherwise in¬ 
accessible. Sometimes it is found that the reversed polarity of the 
machine is due to the brush-holders having been left in this position. 
This can only happen if the shunt circuit is fed directly from the 
busbars. If the shunt current is connected to the bricshes the 
machine will refuse to excite until the brushes have been rocked to 
their normal position. , 

[nsufflcient voltage. ^ 

- • • • *■ 

The causes which may lead to the generation of insufficient 

voltage by a D.C, generator are in general the same as those con-* 
sidpred on. page 190 with regard to an A.C. generator. When^* 
D.C. gemp-ator running at its proper .speed and fully excited generates 

w.n. T • 
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only about one-half of its rated voltage, it may be that the armature 
had been wrongly connected up, coils that are intended to be in 
series having been placed oin parallel. For instance, a four-pole 
armature intended to be.connected up as a two-circuit winding with 
one idle coil may by mistake be connected up as a forft-circuit winding. 

The finst step is to make quite sure that the field-magnet is fully 
excited, and that all the exciting coils are properly connected. It 
is a fairly simple matter to check the polarity of the poles (se^ page 
191) and to trace out the shunt connections. The exciting current 
should be jneasured and checked from any available data. 

The next step is to take a no-load magnetization curve by rimning 
the machine at full-speed and measuring the voltage generated at 
various field currents, care being taken that the brushes have been 
placed upon the neutral line (see page 279). The' question whether 
the iron of the frame is approaching the magnetic saturation at the 
higher voltage generated by the machine can be judged by plotting 
the magnetization curve. If it is found that satixration sets in at 
about half the rated voltage, there is strong evidence that the arma¬ 
ture is at fault. The best plan, then, is to make a thorough test of 
the armature circuits, as described on pages 18 to 26. 

If the voltage generated is much more than half, but is limited 
by the saturation of the iron, so that it does not reach the full rated 
value when the field current has been brought up to its full value, 
this may be due to any one of the following causes : 

(a) Defect in the magnetic circuit. 

(b) Wrong armature having been inserted by mistake. 

(c) AVrong field coils having been put upon the poles by mistake. 

(6) and (c) can be checked by taking the resistance of the arma¬ 
ture and of the field coils and checking them from the designer’s data. 

(a) The defect in the magnetic circuit may consist either in the 
air-gaps being too great, or in insufficient iron having been provided, 
or in the quality »f the iron being lower than was expected. The 
air-gap should be measured, and the dimension checked from the 
designer’s data. If insufficient iron or poor quality of iron has been 
supplied, this is a matter which can in general only be remedied by 
rebuilding the machine. 

In cases where bolted-on poles have been employed, it ie possible 
to obtain a little more voltage by putting liners under the poles so 
as to reduce the air-gap. Where liners cannot be put under the 
poles, it jiS sometimes possible to rivet thin iron plates to the pole 
faces. .This is a matter which should only be attempted with the 
• consefit of the designer of the machine ; and it niust be carried out 
> ip a very sound mechanical manner, so that there is nq chance^ of 
the plates coming loose. Any loose pieces of irpn in the ajr-gap are 
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a soixrce of great danger to the armature. Where it is impossible 
to reduce the air-gap, it is sometimes possible to slightly widen the 
pole face. This is also a matter whith must be referred to the 
designer and carried out with the very greatest care in mechanical 
construction. Where the saturation occurs in .the pole shanks, it 
is sometimes possible (in cases wliere the shunt coils are large enough) 
to flank the pole faces with sheet metal so as to increase the eross- 
sectien of the pole. Here, again, great care must be taken in deciding 
upon the method of fixing the iron, so as to avoid injury to the field 
coils. 

Where the machine is self-excited, any defect in the magnetic 
circuit gives rise to a greater deficiency in voltage than if the raaclfine 
were separately excited, because the reduction of the voltage leads 
at the same time to a reduction of the field current. 

In cases where the resistance of the shunt coil is such as to make 
the resistance line. Fig. 230, almost parallel to tlie straight part of 
the magnetization curve, this characteristic of the self-excited 
machine may lead to a very considerable drop in voltage, although 
the defect in the magnetic circuit is only a small one. 

The reduction of the air-gap or the addition of a little more iron 
to the maignetic circuit may make a very great difference to the 
voltage,generated, as can be seen from pages 244 and 247. 

Defective shunt coils. Sometimes the wire used in winding the 
shunt coils is of slightly higher resistance than was intended. This 
leads to a steeper resistance line (Fig. 2.30), and may in certain cases 
result in quite big deficiencies in the voltage generated. Some- ” 
times the voltage is sufficiently high when the machine is cold, but 
falls below the rated value .when the inachine is hot, owing to the 
increase of resistance in the shunt coils. This defect is emphasized 
in the conditions mentioned in the paragraph above, and may be 
due to the poor cooling conditions of the shunt coils. If the cooling 
conditions cannot be sufficiently improved, the best cure is to wind 
new shunt coils with wire of larger section. 

Poor insulation between turns. 

Generators that have shunt coils wound with cotton-covered 
wire, v^hich have been standing in a damp .situation for some time, 
may have insulation between turns so far reduced that the whole 
of the current applied to the .shunt coil does not go fhrough the 
total number of turns but leaks through the insulation frornjayer 
to layer, so that the magnetizing effect of the coil is very much re¬ 
duced. The defect is a ffifficult one to diagnose, unless a reeqrd has 
been kept of the original resistance of the shunt coils. Wherfe it i^ 
suspected,* the resistance of each shunt coil should be separately* 
measured, and cheeked with the resistance of similar shunt coils 

t 
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that may be in the possession of the user. The best cure is to have 
the coils thoroughly dried out in a vacuum qven and impregnated 
ivith petroleum residue. ' 

Foo high voltage. 

Sometimes when a machine is run at its proper speed and normal 
excitation it is found that the voltage generated is about twice as 
high as was expected. This may be due to the armature being 
improperly connected. Where an armature has been constructed 
with a duplex winding it may very easily be connected up by mistake 
as a simplex winding giving double the voltage. The resistance of 
the armature should' be measured and checked from the designer’s 
data. 

Instability of voltage. 

A trouble which is sometimes met with on D.C. generators is 
the variation of the voltage from time to time, which causes an un¬ 
steadiness in the lights; or if the generator is the exciter of an 
alternator it may lead to unsteadiness in the A.C. voltage. The 
causes giving ri.se to this instability of voltage may be classified 
imder the following headings : ' •• 

(1) Small changes of speed. * 

(2) Changes in brush^contact resistance. 

(3) Changes in facets of the brushes. 

(4) Changes in the resistance of the shunt circuit. 

(5) Bad contacts in the armature circuit. 

(1) By attaching a tachometer it i^ easy to ascertain whether 
the fluctuations in voltage are due to fluctuations in speed. Where 
a machine is working on a point of the saturation curve, such that 
the line representing the resistance of the shunt circuit (Fig. 230) 
is almost parallel to the straight part of the magnetization curve, 
very small changes in speed may lead to very great changes in 
voltage. This defect is not uncommonly met with on the exciters 
of A.C. generators. The author met with a case in which very 
slight hunting of the governor, only discernible on a sensitive tacho¬ 
meter, led to a serious fluctuation in the A.C. voltage of the generator, 
owing to the fact that the exciter was working upon an unstable 
part of the'magnetization curve. The cure in this case was to give 
greater stability to the exciter. 

(2) It is sometimes found that the brushes of a D.C. maehine 
change .their resistance from time to time, owing to changes in 
"temperature or to small variations in the mechanical working of 
•the brush-holders. Such small variations would generally be^of 
no importance, if they were not aggravated by. some instability in 
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the machine, owing to its working upon an unstable part of the 
magnetization curve. Sometimes the whole brush-holder support 
has not been properly secured, and the, vibration causes a continual 
change in the brush resistance. 

(3) As will be seen on page 252, the voltage of a D.C. generator 
depends upon the position of the bruslies. If the brush-holders 
are defective, it is sometimes possible for a carbon brush to change 
its facet in an erratic manner, sometimes bedding on the toe, ‘some¬ 
times bedding on the heel. This amounts virtually to a change in 
the brush position, which will lead to an erratic change in voltage, 
especially where the generator is operating upon tlie unstable part 
of the magnetization curve. 

(4) Sometimes there is a loose contact in the exciting circuit; 
it may be on the rheostat switch or inside the rheostat or in the 
connections of the shunt coils. The field circuit should be carefully 
traced through, and all contacts made mechanically .strong. It not 
uncommonly happens that an insulated wire has a break in the 
(iopper which is invisible, because the ends of the wire are held 
together by the insulating covering. A shaking of the wire will 
cause a variation of the current in the circuit. 

(5) If jk loose contact occurs in the armature circuit or field coils, 
the circuit should be tested in the manner indicated on pages 30 to 40. 


Stability plate. 

Where it is desired to give a generator a very wide range of 
voltage adjustment by variation of the shunt excitation, there is a 
danger that at the lower voltages the generator may be working on 
an unstable part of the magnetization curve. In order to give as 
great stability as possible at the lower reaches of the curve, it is a 
good plan to insert in the magnetic circuit what has been called a' 
“ stability plate.” This consists of an iron 
plate, having a cross-section considerably 
less than the cross-section of the pole, whicli 
is inserted between the back of the pole and 
the yoke so as to form part of the magnetic 
circuit (see Fig. 256). The thickness of the 
plate* and its cross-section in relation to 
the cross-section of the pole are adjusted 
so that if the plate consisted entirely 
of non-magnetic material the reluctance 
of the air-gap at the back of the hole would be such as 
to call for a fairly high magnetizing current at the highest 
voltages generated by the machine. The introduction ol a smi|}l 
Inidge of magnetic material across this gap makes it posiiible for 
^e fieljji flux to increase rapidly for small values of the exciflng 



Fm. 255.—Showing “stability” 
plato behind {wle piece. 
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(surrent, while for‘larger values the slope of the saturation curve 
becomes almost the same as if it wer? not present. A simple way of 
judging the effect of the bri,d^e-piece is to plot two magnetization 
surves, one for the magnetic circuit of the generator on the assump¬ 
tion that there is no stability plate, and another magnetization curve 
that relates to the bridge-piece only. It is convenient to take as 
irdinates for these curves the flux per pole, and as abscissae the 
irapete-turns per pole. Curve A, Fig. 256, gives the relation between 



Fig. 25(1.—Magnetization curve of generator fittwl with stability ” plate. 


the flux per pole and the ampere-turns on the air-gap behind the 
pole, on the assumption that the bridge-piece is not present smd that 
the whole of the flux has to go through the air-gap between the 
back of the pole and the yoke. The curve in Fig. 257 shows the 
relation between the flux carried by the bridge-piece and the ampere- 
t\ims applied to the bridge-piece. Curve B in Fig. 256 is formed by 
the ad^u'on of the ordinates of A and of the curve in Fig. 257. It 
is therkore the magnetization curve of the stability plate, and air- 
ga^ behind the pole. If now curve C is the magnetization curve of 
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the machine, as it would be without the* stabiliW plate, we may 
by adding the abscissae of 5 to those of G obtain the curve D which 
gives the real magnetization curve of thj machine. 

The cross-section of the iron of the‘Stability plate is adjusted 
so that for the‘lowest voltages intended to be generated l)y the 
machine it is just beginning to be saturated; but at these low 
voltages it so far reduces the reluctance of the magnetic circuit 
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Fra. 267.—Saturation curve ol “ stability ” jilatc. 


as to give the magnetizatien curve, as it starts from zero, a much 
steeper slope than the curve A. Then, as the iron of the plate satur- ^ 
ates, the curve bends over, producing a knee below the knee of the 
curve G. Thus at the lowest voltages there is sufficient curvature 
to give in the magnetization curve a precise point of intersectidn 
with the line OR which represents (see Fig. 230) the resistance of 
the field circuit. As long as the lower part of the line OR lies below 
the curve D the machine is stable, and the point of intersection 
gives .the point to which the magnetization will rise for any given 
resistjince in the field circuit. 

































CHAPTER IX 


. SHARKING AT THE BRUSHES 

Sparking at the brushes may be caused either by defective collec¬ 
tion of current or by defective commlitation. The commutator and 
brushes have to perform two hmctions : (1) To take up and put down 
the current between the stationary brushes and the revolving machine. 
This function is what we call collection; (2) to change the direction 
of the current in the coils that are for the time being passing the 
brushes. This we speak of as commutation. 


COLLECTION OF THE CURRENT 
Defects in the commutator. 

With modern machines more trouble is experienced from defec¬ 
tive collection than from defective commutation, so that one of the 
first duties of an engineer who is called in to find out why the brushes 
are sparking is to ascertain whether the surface of the commutator 
and brushes and the behaviour of the brhshes are such as to permit 
of good collection of current. 

Eccentricity. A cylindrical commutator should have a true cylin¬ 
drical surface revolving about its centre. In actual practice one very 
often finds that commutators are slightly eccentric. This does no 
gre^it harm in machines of moderate speed if the brush gear is properly 
designed, because the brushes in rising and falling as the commu¬ 
tator goes round at a speed of from 10 to 15 revolutions per second 
can keep in close contact with it. In turbo machinery, whmre the 
revolutions are 50 or more per second, good contact caanot be 
secured unless the eccentricity is extremely small. 

. Wavy surface. One sometimes finds that the commutator has 
a wavy surface, there being many ups and downs in one revolution. 
This causes very much more trouble on commutators of moderate 
gpeed than a small eccentricity, because, in order to follow the surface, 
the brushes must move up and down at a very much greater frp- 
qilency. Sometimes this, wave formation appears when i^e com- 
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mutator is hot and disappears when the commutator is cold. One 
^ cause of this is the building of the commutator on the arch-bound 
principle. The way in which the bars on, a commutator are secured 
IS of great importance in obtaining satisfactory operation. Some 
years ago it was the opinion of many builders of commutators that 
the right way to hold the bars was to build them up in the first 
instance with the micanite insulation between them and subject 
the wl^le commutator to a very great radial pressure from the out¬ 
side inwards while it was heated up, so as to squeeze out as far as 
possible all free shellac from the micanite. When the commutator 
was in this highly compressed condition the F-grooves were turned 
true, the mica F-rings were inserted, and the steel F-ring wijs 
adjusted to such a size that its inside (;onieal surface pressed against 
the inside conical Surface of the (sopper. Matters were arranged so 
that, however tightly the F-ring was pressed in, it pressed against 
the inside conical surface rather than the outside conical surfac,e, 
so that each bar was held from coming outwards by the F-ring 
and from going inwards by circumferential pressure against other 
bars. Such a commutator is said to be “ arch-bound,” because 
each bar is secured by circumferential pressure like the stones in the 
arch of a brjdge. The objection to this way of building a commu¬ 
tator is that when the copper gets hot it cannot expand in a circum- 
ferential’direction without stretching the steel F-ring, so that it 
brings enormous pressures to bear upon the mica segments; and 
as these segments are not of absolutely uniform character, some of 
them may give a little on the sides nearer the centre and others on 
the sides furthest away from the centre, with the result that the 
commutator takes up a wavy outline on what ought to be a cylin¬ 
drical surface. As the comiftutator is usually turned true while it 
is cold and the wavy outline only appears when it is hot, the ordinary 
trueing-up process does not get rid of the trouble. The frequency 
of the wave may be so high that a very small wave amplitude is. 
sufficient to cause trouble. It is therefore sometimes exceedingly 
difficult to see what the sparking is due to. 

According to the other method of building a commutator, the 
steel F-rings are made of such a size that when they are tightened 
up into .the F-grooves they press as much against the outer conical 
surface as against the inner conical surface; that is to say, they have 
no tendency to increase the tightness of the arch. In bujjding up a 
commutator on this plan it is well to see that the mica segments 
are not too severely pressed during the process of assembling* the 
commutator. It is sufficient to put just enough pressure on them 
to prevenl the mica from being thro^vn out by centrifugal fpree.. 
The F-groo,ve is then turned up to fit the commutator in 'this state, 
an^ after jthe F-rings have been put into place they nip each baf 
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independently by the F-groove, and the support of the bar is inde¬ 
pendent of the tangential pressure between bars. A commutator 
built in this way may be .said to be “ nip-bound ” as distinguished 
from “ arch-bound.” The advantage of building a commutator in 
this way is that when the copper expands it can do so in a circum¬ 
ferential direction without causing any excessive Circumferential 
pressure, the expansion in a longitudinal direction being taken up 
by the elastic stretching of the long steel bolts. That this is possible 
will be seen from the following example : 

Exampik. In the commutator illustrated in Fig. 261, the length of the copper 
between the two points of the F-rings is 10 cms. and the length of the steel bolts 
is 3.3 cms. Even if wf allow a temperature rise of the copper of 100° C., while 
the bolts remain cool, the coefficient of expansion of copper being 0 0000166 the 
actual expansion assuming no restraint will be only 0 016 cm. Assuming that the 
bolts are stretched by this amount (in practice they will be stretched less than this, 
because the copper will be under some compressive stress), the strain will only be 

=0’0006. Taking the modulus of elasticity of the bolts at 30 x 10* in inch-lb. 

units this strain would give a stress of 16,000 lbs. per sq. in., or 1060 kilograms 
per sq. cm. This is well below the elastic limit of the material 

High bars. It sometimes happens that, after a commutator has 
been run, some of the bars are not held in place sufficiently well 
by the mica F-ring, and are driven out a few thousandths of an inch 
by the centrifugal force. High bars can generally be delected by 
the noise they make in .striking against the brushes or by the slight 
difierence in colour they present owing to the wear on their surface. 
If the bars finally become fixed in position, it is possible to grind 
them down and get rid of the defect. 

Low bars. Sometimes a few bars are lower than the rest of the 
commutator and cause trouble, owing' to the fact that the brushes 
do not come in contact with them as they pass the brush arms. 
Low bars are very much more difficult to get rid of than at first 
-might be supposed, because the ordinary commutator grinding tool 
has a certain amount of “ spring ” in it; and after a commutator 
has been ground all over and shows a. surface completely polished 
by the grinding wheel, the low bars may nevertheless be still causing 
a slight hollow that is not apparent to the mechanic who is doing 
the grinding. Any low part of the commutator of this* kind is 
almost certain to become worse when the commutator is, ia opera¬ 
tion. It does not disappear, as one might naturally suppose, by 
the mechanical wear of the commutator against the brushes. The 
^ mechanical wear of a copper commutator against carbon brushes is 
* extrenqely small. The actual wear-that occurs in practice is very 
•'seldota mechanical, but is a process ot electrical attrition due to 
. particles of copper being thrown from the surface of the commu¬ 
tator when the current passes between the pommutat^r and the 
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brushes. The rate at which this electrical wear takes place depends 
upon the length of the arc between the commutator ami tlie brushes; 
and where the arc is very short., say not ipore than -0001", the rate 
of attrition is small. If the distance between the brush and the 
commutator is of ihe order of -001", the electrical wear becomes 
much more marked. If, therefore, there are any low bars (not so 
low that they break contact with the brushes altogether), the dis¬ 
appearance of copper from the surface of those bars is greater tli’an 
from the rest of the commutator surface, so tliat low bars always 
tend to perpetuate themselves, and the low part on a commutator 
tends to spread on account of the bad contact that it causcs*l)et ween 
the brushes and adjacent bars. What is sometimes called a “ flat ” 
on a commutator may be due to nothing more than an accidental 
lowness of some of the bars, which tends to per])etuate itself and to 
spread notwithstanding frequent-attempts on tlie part of the com¬ 
mutator grinder to get rid of it. Where the “ flat" does not arise 
from any other cause it can be completely got rid of by fixing the 
grinder very rigidly and feeding the grinding tool very lightly while 
traversing the surface of the commutator several times. The “ flat ” 
may, of course, arise from some defect in the armature, whhdi throws 
on to one or I wo bars a very much heavier current than the normal. 

High mica. After a commutator has been ground true and put 
into servme, it may be found that the mica segments are higher 
than the commutator segments by an amount which is hardly 
measurable by any ordinary instrument, but which nevertheless 
prevents the brushes from making proper contact with the copper 
segments. The fact that the brushes are a few ten thousandths of 
an inch away from the copper brings about the electrical wear 
mentioned above, so that the protrusion of the mica becomes aggra¬ 
vated and the commutator grows gradually wor.se. So much trouble 
has been experienced from this defect that many manufacturers cut 
out the mica between the segments for a depth of about This 
has the desired effect of preventing the high mica, and interferes 
only very slightly with the smooth running of the commutator. 
Twenty years ago, when softer micas were procurable in commercial 
quantities, this trouble was not so commonly met with; and it is 
still behaved that there are micas whose softness is such that the 
mechaniaal wear between the mica and the brushes can keep pace 
with the wear between the brushes and the copper. In ^11 cases, 
however, where a doubt exists as to whether the mica is high or not, 
the best plan is to have it cut out and eliminate that possible cause 
of trouble. 

Soft copper. Most engineers who have had experience with the 
manufacture, of commutating machines have met with the pheno¬ 
menon commonly spoken of as “ soft copper.”. No one seems to know 
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, what the cause of the phenomenon is, but the trouble that arises 
from it is unmistakable. It begins to make itself apparent by the 
appearance of copper on^those brushes to which the current flows 
from the copper of the commutator. The smudging of copper off the 
commutator on to the brushes may, of course, occur under various 
conditions, and may be not at all due to the phenomenon now under 
consideration. But there are cases where it can apparently be 
attributed to no other cause. The smudge of copper on the brush 
gradually accumulates more metal, until it forms a minule scale, 
which is dragged off the brush and thrown off into the air. Thou¬ 
sands of these little scales are produced when the machine is on 
load, and collect , as a fine powder on the brush-holders, bed-plate 
and surrounding floor. If the machine is running without load or 
with very little load, these scales are not produced even though 
considerable mechanical pressure is used between the brashes and 
the commutator. It can be definitely proved that “ soft copper ” 
is not due to any mechanical cause and is not due to any mechanical 
softness of the copper in the sense of ductility. The effect seems 
closely allied to the electrical wear described above, and differs from 
it in that it occurs notwithstanding the closest possible contact and 
perfect working of the brush-holder. It seems to be,due to some 
physical or chemical state of the copper, and the following possible 
reasons have been suggested : (1) It may be due to the mechanical 
breaking up of the copper crystals during the process of drawing 
the bar through a die. It is well known that when a newly-made 
commutator is turned on a lathe the way in which the copper turn¬ 
ings come off from it is quite different from the way in which the 
turnings come off an old commutator that has seen many years of 
service. This points to a difference in the structure of the metal 
in the two cases. It may be that in the many heatings and cool¬ 
ings of the machine in service the structure of the metal undergoes 
w. a change. (2) It is known that electrolytic copper contains a certain 
amount of hydrogen. The presence of this hydrogen may effect 
the structure of the metal, or at any rate its behaviour when current 
is passed from it to a carbon brush. (3) Electrolytic copper some¬ 
times contains small traces of sodium, and this may possibly affect 
the structure or the electrical wear. 

One remarkable thing about the “ soft copper ” phenomenon 
' is that it,invariably disappears of its own accord when the machine 
is kept in service for a number of months. All sorts of different 
carbon brashes may be tried; all sorts of adjustments of commu- 
' tating poles and brush positions may be tried, each one of which is 
. allege to produce some improvement. After working through every 
land of carbon brush and making every likely adjustment, if, in about 
‘ six months time, the e?:perimenter works round to the same carbon 
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brush and the same electrical adjustment as he had to begin with, 
he will generally find that the “ soft copper " has cured itself. This 
goes to prove that it is due to some peculiarity connected with the 
structure of the metal. • 

Unseasoned codimatators. All commutators that are insulated 
with rhicanite should be properly seasoned before leaving the makers’ 
works. The seasoning process consists in raising the commutator 
to a tojnperature between 100° and 120° C., and while it is hot 
running it at a speed a little above the normal. This process has 
the effect of driving out by centrifugal force all bars that can move, 
either on account of thin places or of pockets of shellac in Ihe mica 
F-rings. , 

Where a commutator has not been properly seasoned, the symp¬ 
toms that appear*are the following: After it is turned true it 
operates quite well for a short time, and then shows a certain 
amount of sparking. The surface is patcliy in colour, some parts 
being darker than others. It is not always possible to see that 
some bars are high and some low, there being just enough difference 
in height to give a difference in colour to the surface of the bars. 
If nothing is done and the sparking gets worse, the bans that are low 
become lower'through the action (le,scribed on page 298. If the 
commuti^tor is turned up again, it will work well for a few days, 
and then the trouble begins again, so the thing may go on for several 
months. The best way to get rid of the trouble is to make aminge- 
ments for heating up the commutator either by means of a gas ring, 
or failing that, a number of blow torches may be used. While the 
commutator is being heated up it should be turned round very 
slowly either by hand or by being belted on to a motor arranged 
to turn it at a speed of not more than 1 ft. per second. If too high 
a speed is used for turning the commutator while it is being heated, 
the windage caused by the commutator necks will carry away the 
heat and make it very much more difficult to reach the required, 
temperature. Arrangements must be made so that as soon as ever 
the commutator reaches the temperature of 110° C., the machine 
can be nm up at full speed or preferably 10 per cent, over speed, 
the full speed being reached before the commutator has appreciably 
cooled down. It is well to repeat the process two or three times in 
order td make sure that all the bars are thrown out to the limit of 
their possible motion. Sometimes after this seasoning prpcess high 
and low bars are visible to the eye, there having been a movement 
of a few thousandths of an inch. The commutator is then allowed 
to cool d 9 wn and is turned and ground. In grinding, great care 
should be taken that the “ spring ” of the grinding wheel is as-iimalL 
'as possible. At least three very light cuts should be taken over 
the whole/urfacc of .the commutator. 
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The looseness of supports. The whole spider on which the com¬ 
mutator is built may be insecurely suppofted on the shaft or other 
part to which it is attached. This may bring about shifting of the 
commutator and consequent defective collection of current. 

Skewed bars. A defect which does not interfere with the collec¬ 
tion of current but may affect the commutation is a want of parallel¬ 
ism between bars in the direction of the axis, of rotation. It sorae- 
tiihes though rarely, happens that a commutatot has been Jmilt up 
with the bars slightly skewed, that is not parallel to the centre of 
the shaft. This will not do very much harm if all the bars are 
skewed the same amount, because it can be allowed for in .setting 
the brushes ; but .if the skewing is irregular the'commutator should 
be rebuilt. 

Symptoms of defective commutator surface. 

Where the average distance between the copper and the carbon 
brush is greater than it should be, owing to defective commutator 
surface or other reason, the drop in potential between the brush and 
commutator is greater than it ought to be. Increased brush drop 
is one of the most certain symptoms of this defect. This leads us 
to consider brush drops in general. The voltage di'op between the 
carbon brushes and the commutator under normal conditions depends 
mainly upon three factors: (1) The quality of the brush ; (2) the 
current density; and (3) the pressure of the brush against the 
commutator. 

Characteristics of carbon brushes. 

I’he carbon brushes oi\ the market are very various. It is not 
proposed here to consider their qualities at great length. They may 
be broadly divided as follows ; 

(1) Ordinary carbon brmshes. These are of varying hardness. 
At one end of the scale is retort carbon, at the other a softish mix¬ 
ture of carbon and graphite. 

(2) Graphitic brushes, whose .structure is soft enough to mark 
on paper like a blacklead. These are of several sorts : the electro- 
graphitic brushes, made from carbon, which is afterwards converted 
into graphite in an electric furnace; burnt graphitic brushes that 
have been made at a high temperature ; and the compressed graphitic 
brushes like the Morgauite, which are made by subjecting graphite 
to a great pressure in a mould ; and 

(3) Carbon-metal brushes, which consist of a mixture of carbon 
or graphite and metal powder. 

Between (1) and (2) we may have all possible gradation^ in 
softness, As a rule, a hard brush has a higher contact voHage drop 
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flian a graphitic brush, but some grapWic brushes have a much 
Wgher voltage drop than others (see Fig. 264). The carbon-metal 
brushes have low voltage drops. , 

Voltage drop at various current densities. Brushes for higher or 
lower voltage drop or of lower or higlier friction coeflicients can 
be obtained from most of the brush manufiudurers. T’alcing a brush 
of medium hardness with some graphite in its constitution, the way 
in whi^i the brusli drop varies with the current density * is slujwrt in 
Fig. 258. It will be seen that the brusli droj) wlien tlie cun'cnt 



goes from carbon to copper is higlier than wlien the current goes 
from copper to carbon. It will be seen, too, that after the current 
density is increased beyond 40 amperes per square inch, the brush 
drop increases very slowly and tends to become constant at high 
current densities. At low current densities it is not possible to 
make any delinite statement as to the amount of brush drop, because 
it is so much affeided by the state of tlie commutator and lirush. 
Where both brush and coniiimtator are extremely highly polished, 
the voltage drop remains a finite amount down to the very lowest 
current densities ; but if there is any roughness on the commutator 
or grittiness in the brush, tending to bring about intirriate contact 
at minute points, the brush drop at low current densities may fall 
almost to zero. . . 

In a paper| on carbon brushes, Mr. P. Hunter-Brown has given 
some very useful curves relating to the characteristics of carbon 
brushesf ” Some of these are reproduced in Figs. 259 to 263. 
Fig. 25i gives the sum of the contact drops on positive and negative 
brushes containing no graphite, the pressure being 2 lbs. per square 
inch. According to this curve, the sum of the pressures does not 
fall below 0-7 of a volt for exceedingly small current densities. 
Fig. 260 shows how the sum of the contact drops changes with the 
speed of Ihe commutator. The increase of the contact dr6p may^ 

* Aniold and La Cour, Trnm. Inlerwit, Eke. 1904, p. 801, 

^Joiirn. hist. Slee Engt'i-, vol. 57, |)age 193,»1U18. 
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be due to the drawing in of a film of air between the commutator 
and the brush ; this ^eory is borne out by the fact that the coeffi*- 
cient of friction falls lower and lower as" the speed is increased. 
Fig. 261 shows how the sum of the contact drops changes with the 
pressure on the brush : the brush in this case was one containing 



Fia. 250.—Contact drop of carbon brushes containinj; no graphite. 
2 lb. per 9i{. in. 


Pressure 


no graphite ; the current density was 40 amperes per square inch 
and the speed 3600 feet per minute. Fig. 262 sliows the difference 
in the characteristics between a pure graphite brush and a copper- 
graphite brush. Fig. 263 shows how the wear of the-commutator 
and the brush depends upon the current density. In this figure 
the term “ positive brush ” is u.sed in the sense in which it would 



be applieiJ to a D.C. motor--that is to say, current is being passed 
from carbon to copper; the negative brush is one in which the 
current is passuig from copper to carbon. It will be seen that the 
wear , oh negative brushes on a motor is very much greater than on 
positive brushes. The wear on the commutator produced by the 
negative brashes is also greater than for the positive bruslies. 
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Fig. 264 gives the mean contact drop for various grades of brushes. 
The ordinates of the curves give half the value of the total drop on 
positive and negative brushes as measured on a short-circuited 

'C’rrrrTTrr"i'i.i 




rre55ure on hiufth-lb per ^q.in 

Fia. 261.—Change with pressure of contact droji of brush c«>ntaining no grajiliite. 

Current ilensity 40 am|>eres per sq. in. S|H'ed 3500 |kt min. 

commutator, running smoothly at a speed varying between 1600 
and 3500 feet per minute. Between these limits the brush drop is 
almost independent of speed. The pressure on the brushes was 2 lb. 
per square inch. In the ease of the carbon and graphite bnishes it 


• O 20 55 65 b5 IOO 120 140 160 ISO 

^ Current denoity - ditiperes per sct.incK 

Fio. 262.—Contact drop of a highly metallic copper-graphite brush an<l ff a pure 
graphite brush. Speed 4500 ft. per min. Pressure 2 lb. per sq. ii. 

will generally be found that when current is passed from copper to 
carbon the drop is from 0*1 to 0*3 volts less * than when cnrreht is. 

• The dirference in the (hop found on positive and negative brushes is very uncertain 
in amount and depends greatly on the state of the commutator. Mr, Hunter Broun says 
that he has ev4n known the copper-to-carbon drop to be greater than the carbon-to-coppv • 
drop. This is not the experience of the author. 
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passed from carbon to' copper. To get the drop on the positive 
(carbon and graphite) brush of a generator subtract O'l volt from the 
ordinate in Fig. 264, and add the drop in the brush itself worked out 
from its specific resistanfie. The specific resistance (in ohms per 
inch cube) of the brush material as given by the makers in their 



4 It), per sq. in. 

trade catalogue varies from 0*0004 for pure graphite brashes to 
0*002 for ordinary carbon containing some graphite, and may be as 
high as 0*003 for some carbon brushes. The ohmic drop in an 
ordinary brush worked at 40 amperes per square inch may be about 
0*2 volt or about one quarter of the contact drop. This must be 
added to the contact drop given in Fig. 264. The contact 
drop under practical conditions on a carbon or graphite brush 
carrying current from carbon to copper may be taken from 0*1 to 
0*3 volt higher than the ordinate given in Fig. 264. 

'I’he way in which the pressure updn the brush affects the brush 
drop at different current densities is exhibited in Fig. 272. 



Fig. 272.—Giving the approximate voltage drop at brushy with different pressures 
' and different densities. 

■The amount of brush drop is also affected by temperature. This 
matter is sometimes complicated in practice by the effect of the 
temperature in distorting the commutator; but putting this factor 
out of account, increase of temperature of the brush reduces the 
"voltage drop, and this circumstance will sometimes lead to 
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AMPERES PER SQ. /RCf( 

Fig. 204.—Contact drop with various tyi>ea of brush (mean drop on positive and 
negative). 
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instability in the distribution of current between a number of 
brushes working in parallel (see page 327). 

The fact that the voltage-drop at the contact between carbon 
and copper does not change very greatly at higher current densities 
has an important bearing upon the distribution of'the current carried 
by a number of brushes in parallel. The lower the current density, 
the steeper is the curve and the greater the tendency of the current 
to divide equally between all the brushes. The greater the ,current 
density, the less the drop increases with the current and the more 
the distribution is influenced by other conditions such as the pressure 
on the brushes and their temperature. While the current-carrying 
capacity of a brush should logically depend upon the cooling con¬ 
ditions and the permissible temperature ris(% it will generally be 
found that the designer must fix upon the numoer of his brushes 
so as to keep down the current density to a value that will give 
sufficient stability. 

Defects in brush gear. 

Carbon brushes arc used almost universally on commutating 
machines, so that the brush gear that we have to consider is a gear 
designed to hold a carbon brush. As carbon is a hard, unyielding 
material, the problem of keeping its surface in close contact with a 
commutator is very much more difficult than when brushes of soft 
pliable material such as gauze are used. Even if the commutator 
were perfectly cylindrical and free from eccentricity, there would 
still be some di ffi culties in the problem. As it is, we must design 
the brush gear so that it will work well notwithstanding slight 
jcentricities of the commutator and slight departures from the 
jrlindrical form. 

Two general methods of holding the carbon are in use: (1) 
liding holders; (2) pivoted holders. In the sliding holder the 
arbon is allowed to slide in a box or other support, so that it may 
dUow irregularities of the commutator and make a good contact 
otwithstanding the wear that will inevitably take place. In the 
livoted holder the carbon is gripped by a metal clamp, and the 
rhole holder is free to move about a pivot. The brush-holder that 
las found the most general favour with manufacturers to-day is 
he sliding holder, because it is discovered that the pivoted holder, 
iven when constructed so as to have a parallel motion, does not allow 
he brush to bed itself as truly to the commutator surface as when 
he carbon is permitted to slide in only one direction upon a very 
igid surface. Sliding holders, however, are by no means free from 
lefccts, and there is still a good deal of room for improvement. 
The ideal holder would be one in which the carbon brush would 
36 pressed against an absolutely rigid surface almost at right angles 
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to the face of the commutator, and while being held so that it could 
not move except in a direction parallel to that surface, it should be 
pressed towards the commutator by a pressure not too heavy and 
yet amply sufficient to make it follow ralpidly the unevennesses of 
the commutator surface. While most brush gears aim at these ideal 
conditions, they fall short of them in the following particulars. 
In the box-t}'pe holder the brush is surrounded by a box which, 
under yieal conditions, .should fit the brush exactly and yet allow it 
to slide perfectly freely. Such a (;ondition is, of cour.se, unattain¬ 
able in practice, because brushes expand with heat, and would soon 
become too tight in a box holder that iitted them exactly. If, on 
the other hand, they are a loose fit in the bo.x, a chattering action 
is set up in which^the brush rattles from one side of the box to th*e 
other and does not present a constant facet to the commutator 
surface. 


Side-spring holder. To meet this difficulty various devi(;e.s have 
been employed. One of the simplest and most effective is to j)rovide 
a rigid surface against which the lirush 
slides as shown at JA' in Fig. 273, and 
a movable metal surface BB' on the 
opposite side, of the carbon which prcs.ses 
it againsj; the surface AA', the pressure 
being controlled by a spring. In this 
case the direction of rotation of the 
commutator should of course be from B 
towards A. In order that this type of 
bruish-holder may be satisfactory, the 
following conditions mu.st be ob.served: 

The distance from the toe of the brush 
t to I, the lowest point of AA', must be 

fairly small, say not more th.an . 

that any frictional force between the - 

brush and the commutator which comes into action tending to tilt the 
brush shall,only have a very small leverage about the point 1. The line 
ff', which gives the line of the centre of action of the force pressing 
the brush against the surface AA', should cut the .surface AyV at 



a considjerable distance above I, .so that the ratio is fairly great, 


say not less than 10. Under these conditions it will be found that 
the force ff' can be made small as compared with the force FF' 
which feeds the brush on to the commutator. An example nvill . 
make this.clear. Let the feeding force FF' be equal to 2 lbs.*; then 
taking the coefficient of friction even as high as 0-5, the force of the* 
coiymutatof upon the brush tending to tilt it will not be greatei;. 
than 1 lb..(unless, of course, there are high bars, in which case it 
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may be any amount). Assuming that the legitimate frictional forces 

f'l 

at t cannot exceed 1 lb., and that the ratio“10, then any force 

greater than 0-1 lb. along the line^' is sufficiently great to prevent 
tilting of the brush. In practice, one would make the force equal 
to about 0*5 lb. If now the coefficient of friction between the 
brush and the sliding surfaces is as high as 0*5, the total force required 
to overcome the friction against the surface AA' and the surface 
BB' will only be 0*25 lb. at each side, or 0*5 lb. total. Deducting this 
from the feeding force of 2 lbs., we have.a residual feeding force of 
1*5 lb., while the force required to push the bpush up against the 
fepding force is £’5 lbs. The slight friction reqviired to move the 
brush in the holder is of considerable value in preventing chattering, 
but the conditions must, of course, be such that tW frictional force 
never becomes nearly equal to the feeding force FF'. While a brush 
can be shown to work well under the conditions stated above, it is 
easy to understand that if these conditions are departed from the 
proportions between the various forces may be completely upset. 
For instance, if the ratio fl to It is only 4, and there are slight 
roughnesses on the commutator which make the circumferential 
forces at t rather great, say equal to 2 lbs., it may be found necessary 
to so far increase the force to prevent tilting action that^the fric¬ 
tion against the surfaces AA' and BB' is too great as compared with 
the feeding force FF'. One cause of trouble that has been found 
with holders of this kind is due to the fact that graphite will some¬ 
times rub off a brush and grow on to a metal surface, forming a small 
wart-like growth, which is possibly aided by the passage of current 
from the brush to the holder. A growth of this kind fitting into a 
little hollow in the brush very effectually prevents the force FF' 
' from feeding the brush forward. It has been fomid that if we paint 
the face of a gi-aphitic brush with gum arabic dissolved in water 
'and allow it to dry perfectly before being put into the holder, 
it prevents the graphite from rubbing off the brush and on to the 
holder. Another source of trouble in this holder is that dust and 
grit can sometimes get in between the brush and the surfaces A and 
B and prevent the proper feeding of the brush. Sometimes the 
station attendant will use paraffin wax as a lubricant on the com¬ 
mutator. Paraffin wax may soak up into the brushes and be there 
in such a quantity as to stick the brush to the surfaces AA' and 
BB' when they are cold, so that on starting up the machine the 
, brushes spark badly because they are not being fed. 

•Oombined feeding and steadying pressure. 

. ^ Another method of meeting the difficulty found in.the sliding 
type of holder is illustrated in Fig. 274. The sjirface against which 
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the brush slides is made extremely rigid. The top of the brush, 
mstead of being at right angles to the face, is bevelled off so that 
the feeding force FF' has a considerable.component at riglit angles 
to the sliding surface. Another method is to give the brnsli in the 
holder a permanent tilt by making the feeding force FF' pass 


F 



Kio. 271.—Combined feeding and Bleailying force. Fin. 27o.~C<imbintHJ feeiling and tilting force. 


through a point beyond the base of the brush, as in Fig. ‘276. In 
this case the brush is held by the holder only at the upper back 
edge and the lower forward edge, and can only rattle in the holder 
if the forces tending to make it rattle are greater than the (!om- 
ponent 5f FF' that gives the permanent tilt to the brush. The 
inclination of the bnish should not be more than 16 degrees from the 
vertical when the commutator is run in the direction shown in Figs. 
273, 274 and 275. 

Inclination of the brush to the commutator. This leads us to con¬ 
sider the much argued question. What is the proper angle for the 
brush to make with the commutator ? The answer to this question 
has so far never been satisfactorily given. Many engineers of wide 
experience will assert that in their opinion a brush works best when 
it is inclined “ against ” the rotation, while others just as positively- 
assert that in their opinion the brushes work best when the inclina¬ 
tion is with the rotation. Not only do some brush-holders worjc 
better one way and some better the other way, but even with the 
same type of holder and the same type of brush, difference of opinion 
will exist as to the best way of tilting the brush. The matter is 
very difficult to settle, because if a test is arranged it is almost 
impossible to reproduce the conditions sufficiently well to make the 
test conclusive. 

The sweet running of a brush when inclined at any partiqplar 
angle is dependent upon a large variety of circumstances, including' 
the following; (1) The amount of the feeding force ; (2) the com-, 
ponent of t^ie feeding force that tends to tilt the brush ; (3) whether 
th^ tilting force upon the brush is in the direction of rotation; (4^' 
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whether the length of the Holder is greater than the working face 
of the brush or less than the working face; (5) whether the brush 
is tight or loose in the holder; (6) the angle of inclination; 
(7) the direction of rotation with respect to the inclination. It is 
obviously impossible to specify the best angle when the type of 
brush-holder and conditions of brush support are not specified. 
Indeed, it is very difficult to .say in many cases exactly what is meant 
by angle of inclination.” 

If a brush slides freely in a box-holder that is long as conapared 
with the width of the brush, and if all reactive forces exerted on the 
brush by the sides of the holder are at right angles to the direction 
of sliding, then the re.sultant of all the forces" of the spring and 
hdlder are in the direction of sliding, and this may be properly taken' 
as the inclination of the brush. Suppose, howevet, that we have a 



Fio. 270. Kic- 277. 


Showing? tliu unorrlainty of inclination of a brush. 

brush running under the conditions illustrated in Fig. 276 and 
tilted in its holder so that it comes into contact with the upper and 
dower edges as shown. As it is only in contact with the holder along 
those two edges, we can imagine the rest of the box completely cut 
away, as in Fig. 277 (assuming, of course, that we still preserve the 
rigidity of the parts). To arrive at the effective angle of inclination, 
we must find the direction of the resultant of the force of the spring 
and the reactive forces applied by the sides of the holder. The 
direction of this resultant is often very different from the apparent 
angle of inclination. 

Brushes Inclined against the direction of rotation. A great deal 
of sijccess has been obtained with brushes tilted as shown in Fig. 
'278. The secret of success is in making the angle of inclination so 
great that the brush is always slipping on the commutator and 
keeping itself close up against the point of the brush-holder as 
' shown, notwithstanding ^ the fact that the commutator' surface* is 
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moving against it. Let the resultant force /’f' in Fig. 278 (which 
is made up of the force of the feeding spring and all reactive pres¬ 
sures exerted by the holder) make an apglc 0 with the line normal 
to the surface of the commutator. Then tan 6 should be consider¬ 
ably greater than the maximum value of i;hc coefficient of friction 
between the brush and the commutator. The commutator some¬ 
times has small irregularities on it, which cause greater tangential 
forces on the brush than would be expected from the measured 
coefficient of friction; these tangential forces will disturb the pressure 
of the brush against the point of the holder unless the angle 0 be 
made great enough. For a commutator in first-class condition an 
angle of 25“ will be found sufficient; but an angle of 35° is safer 
for a commutator that is slightly rough. There is an objection 
to making the aligle much greater than this, because the’ brush 
becomes so pointed that there is a danger of pieces chipping off. 
With brush-holders of this type the design of the feeding spring 
is important. It should be arranged so that it presses in the direc¬ 
tion /’"F', or at any rate in a line on that side of the line FF'. If 
the resultant force is on the other side of FF\ the effect may interfere 
with the correct tilt of the brush in the holder. 

/ / 

/ / 

I t 
I f 
/ / 


Fig. 278. —‘‘ Leading bnish inclined against Fig. 270.—Brush with wide face an<] aiiiall height 
the direction of rotation. 

Wide face and small height method. Another method of getting 
over the difficulty of the loose box is to make the brush with a fairly 
wide face and very small height, as shown in Fig. 279. If then the 
feeding force FF' is applied in the line almost at right angles to the 
surface of the commutator, it is only necessary to let the brush rest 
against the bar to give it a perfectly definite position.* The force 
FF' now serves not only to feed but also to prevent either th<j toe 
or heel of the brush from lifting off the commutator. This^method 
has been'very successfully employed on D.C. turbo generators, an<J 
can be recommended in all cases where a wide brush can bd em- 
plffyed. It has the further advantage that, the brush may be made 
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extremely light, so that it does not require as great a force to make 
it follow the eccentricities of the conimutator as if it were of much 
greater height. Sometimes,a very light spring is placed between 
the top of the carbon and the feeding arm to keep down the mass 
of the quickly moving pdrts. 

There has been in the past a very great deal of loose thinking 
on the problems connected with brush support; and until more 
precise definitions are stated and our knowledge of the conditions 
that affect the chattering or non-chattering of brushes is extended by 
systematic experiment, we shall not progress very much further in 
the matter!^ 

All that we can do here is to lay down a few general rules for guid- 
an6e in the adjustment of brush-holders. (1) See that the surface 
of the Commutator is as perfect as it can be made, as to which see 
pp. 297 and 301. (2) If the brush-holder is of the side-spring type, 
see that the conditions set out on page 309 are observed. (3) If 
the brush slides in a box-holder, see that it is a reasonably good fit 
but not too tight. As burnt carbon brushes do not expand much 
with heat, it is possible to make them a fair sliding fit. Morganite 
brushes, however, must always be made slack in the holder, or they 
may become too tight when they expand with heat. . (4) Assume 
that the angle of inclination of the brush-holder that the manufacturer 
has chosen is the best angle for that type of holder. When the 
machine is running, try to ascertain in what direction the brush is 
intended to tilt in the holder if it tilts at all; that is to say, whether 
you have the condition shown in Fig. 276 or the condition shown in 
Fig. 278. Having made up your mind as to which way you intend 
the brush to tilt, see that all the conditions as to the application 
of feeding force and the frictional forces are such as to preserve 
the tilt in question. (5) See that the feeding force on each brush 
is sufficient to make it feed rapidly and follow any eccentricity of 
the commutator. 

Chattering. 

The word “ chattering ” is used to denote two different kinds 
of motion of a brush. A brush may chatter by moving in the plane 
in which it is supposed to slide: for instance, by moving in a line 
parallel to the plane AA' in Fig. 273. This may be spokea of as 
vertical chattering. Or it may chatter by vibrating in a line parallel 
to the face of the commutator. This we will call tangential chatter-' 
ing. Sometimes the two kinds of chattering occur together, and the 
occurrence of one may be the cause of the other. All the causes of 
chattering are by no means understood, nor has any thorough in¬ 
vestigation as yet been made upon this important subject. Some 
of the causes of chattering are the following : 
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Vertical chattering. If a brush slides very freely in its holder 
and is lifted a short ^stance from the commutator and then allowed 
to drop under the force of the feeding spying, it will tend to bounce, 
the height of each bounce being a fraction of the height of the last 
bounce. The greater the friction in sliding, the smaller will be this 
fraction. If the friction resistance to sliding is half as great as the 
feeding force, the amount of bounce will be a very small fraction 
of the height from which the bru,sh has fallen. If now there is some 
uneveflness on the surface of the commutator, which is moving 
under the brush at a great velocity, a continual bouncing of the 
brush will occur, because upon the whole there will be a tendency, 
when the brush is on the downstroke, for it to hit on the front side 
of a protuberance rather than on the back side of the protuberance. 
If it hits upon the front side of the protuberance, then there is a 
force upon it tending to throw it upwards, so that if the brush can 
move very freely in its holder and has a tendency to bounce (the 
energy of the bounce not being absorbed in a single stroke), the 
striking of a brush against the front side of protuberances will convey 
enough energy to keep the brush continually bouncing—that is to 
say, to keep it chattering vertically. 

There seems to be some evidence that when a commutator is 
hot chattering of this kind is very much aggravated; and one is 
tempteef to believe that some of the energy communicated to the 
bru.sh on each stroke may be due to the expansion of the carbon 
when it strikes the hot copper, the action being similar to the curious 
phenomenon known as the Trevelyan rocker. This matter, however, 
needs further investigation. Whether the action is due to expan¬ 
sion or not, it is perfectly well established that we may have ver^ 
bad vertical chattering of brushes even when the commutator is 
highly polished and free from high bars or uneven surface. 

Tangential chattering. Wherever there is a looseness of the 
brush-holder and no regular force tending to make it tilt in one- 
definite direction in the holder, chattering is likely to occur. This 
is because the friction between the brush and the commutator drivps 
the brush forward in the holder with some velocity until it strikes 
against the side of the holder. It then rebounds to the other limit 
of its ipotion in a tangential direction, comes in contact with the 
commutator again, and so the action is repeated. Tangential 
chattering set up in this way may bring about vertical chattering, 
because toe strifang of the brush against one or other 6f the sides 
of the holder generally introduces a force having a vertical compopent 
sufficient either to lift the brush off the commutator or to jtlrive it* 
on to th6 commutator with such force that it rebounds.* Undej 
these conditions, the point on a brush may move in a molfe or 
le^ elliptical orbit, the energy required, for the motion being* 
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supplied by the frictidnal * forces exerted by the commutator; 
and the action may be aggravated by unevenness in the com¬ 
mutator. 

Another kind of tangeAtial chattering, which may occur even 
when the brush is perfectly tight in the holder, is dpe to the springing 
of the holder or its supports. If we have a brush-holder supported 
by an arm as shown in Fig. 280 and the position of the support of 
the arm is such that any tangential pressure upon the brush-holder 
in the direction of rotation tends to spring the brush support in an 
arc of a circle, as shown in the figure, so that the further it springs 
the greater is the pressure between the brush and commutator, we 
have a condition, that permits of very bad chiittering. The fric¬ 
tidnal force of the commutator upon the brush pushes the holder 
forward until it is balanced by the resilience of the brush-holder 
support. If now the friction is minimised by any cause, say the 
sudden yielding of the brush in its slide, the holder will spring back 




to its original position, the brush then springs out again, the friction 
again bends the brush arm, and so the action is repeated. Sup- 
4 )orts of the brush-holders should always be designed so that when 
any yielding of the brush support in a tangential direction occurs, 
the arc of the circle along which it moves is as shown in Fig. 281 
—that is to say, the frictional forces are diminished rather than 
increased by such tangential motion. 

Heating due to chattering. Chattering produces heating of the 
commutator and brushes on account of increase of friction losses 
and increase of resistance to the passage of current. HoiVever much 
a brush may bounce upon the commutator, the mean pressure 
between bnish and commutator is not less than the pressure exerted 
by the feeding spring, so that the friction on the surface of the 
commutator is at least as great when chattering as when the brush 
is running smoothly. Tn addition to this, we have the energy lost 
■:*> the impact of the brushes and friction losses in the brushes sliding 
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in the holders. Experience shows that wlien bad chattering occurs, 
the friction losses may be increased twofold, llesisttmce losses may 
be increased manifold when there exists a short arc under the 
brushes instead of a close electrical contact. 

Cure for chattering. The best cure lor chattering is to find out 
the cause, which may be one of those enumerated above, and to 
remove it. The chattering due to a hot commutator is sometimes 
difficijlt, if not impossible, to get rid of. Lubrication of the surface 
of the commutator with paraffin wax is sometimes resorted to; 
but it may require too much attention if the commutator has to bo 
lubricated every hour or two. If the brushes are boiled in })araffin 
wax and thoroughly saturated, the wax will be slowly fed to the 
contact surface, and sometimes lasts for several months. The wax 
lasts longest when the brushes ruh cool. If the brushes are very 
hot, the paraffin is fed to the contact surface quickly and soon 
disappears. Sometimes a change of the grade of brush is of assist¬ 
ance : a brush having a large amount of graphite in its composition 
runs more smoothly than a harder brush ; but even brushes of pure 
graphite will chatter when the conditions are bad. The introduc¬ 
tion of a little friction into the sliding of the brush is helpful. Care 
must be taken that this friction is not so great as to stop the quick 
feeding,of the brush when the commutator runs slightly eccentrically. 
The changing of the tension of the feeding springs sometimes has a 
marked effect upon chattering. It may be that the cause of chatter¬ 
ing is synchronous with the natural period of vibration of the brush 
in its holder, and anything that changes the period of vibration of 
the brush may reduce the chattering. Tangential chattering due 
to any of the causes mentioned above can be cured by removing the 
cause; but vertical chattering is not yet sufficiently understood, 
and with some brush-holders it may defy all attempts to cure it.* 
The best plan in these cases is to change the brush-holders (see 
page 308). 

It has been noticed that where the mica has been cut out of the 
commutator chattering occurs more freely than where the mica is 
flush with the commutator surface. As the cutting out of the mica 
does not of itself produce any protuberance that sliould aggravate 
chattering, it may be that the reason is to be found in the fact that 
with a smooth commutator and well-fitting brush the motion of the 
brush is damped by the air, a little force being require,jl to quickly 
lift off a well-fitting wide brush agauist the pressure of the air. If, 
however, grooves are cut in the commutator, these may feed thp 
air under the brush and enable it to rise more freely. It if* possible 
that one of the main actions of a lubricant in stopping chattering ns 
in the adhesion that it gives between the surface of the brush and 
the surface of the commutator. 
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Failure to feed. 

It not uncoininonly happens with box type and other holders 
that the carbon sticks and the spring is'not sufficient to make it 
feed. In all cases of sparking at the brushes this should bo looked 
to at once, as it is perhaps the commonest cause of trouble. A 
good plan is to lift each brush by its pigtail and see whether it snaps 
back on to the commutator when released. If it does not do so, it 
should be taken out and cleaned, the brush-holder should b? blown 
out, and any other adjustments made that are necessary to bring 
about a nice snappy feed when the pigtail is released. At the same 
time care should be taken that nothing is done to make the brush 
too loose in the he Ider. 

Too great pressure between the brushes and the commutator. 

Sometimes on account of the bad feeding of the brushes the feed¬ 
ing springs have been screwed down until the pressure between the 
commutator and the brushes is too great. Any friction between the 
brush and the holder increases the pressure, when owing to a slight 
eccentricity of the commutator the brush is in the act of being lifted. 
When the brush is falling, the frictional force is of course subtracted 
from the feeding force. Excessive pressure may bring about heating 
of the commutator and reduce the efficiency of the machine. Where 
a brush-holder is well designed and in good condition, a pressure of 
1| lb. to the square inch is quite sufficient to maintain good contact 
up to speeds of 5000 feet per minute. 

Pigtails or shunts. 

All brushes of the sliding type should be provided with a flexible 
copper conductor for conveying the current from the brush to the 
holder. It is better that these shunts or pigtails should be of too 
great cross-section than too small cross-section. The current is very 
, seldom evenly distributed between all the brushes, so the pigtail 
should be designed to take a very heavy overload without over¬ 
heating. The pigtail should be bent into a form that permits of 
great flexibility. Sometimes a brush will not feed because the 
pigtail has been bent into such a form that part of it is acting as a 
strut and part of it as a tie-rod interfering with the motion of the 
feeding spring. 

It is important that the electrical contact between the pigtail 
and the brush shall be of very low resistance. Sometimes the contact 
will become defective and the current is then thrown on to other 
•brushes which thus become overloaded. 

Brush-holder supports. 

In a paragraph above, some matters relating to the position,, of 
the brush-holder supports were pointed out. In addition to these. 
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we would say that rigidity is of the greatest importance in a brush- 
holder support. The method cf insulating the support should be 
such that when the insulation slirinks, as it very often does, it does 
not enable the support to alter its position. A great deal of time 
and money has been wasted in the past owing to neglect of this 
particular. Much care may be taken with the spacing of the brush- 
holders and in bringing about good commutation, and yet after a 
few months the whole of the work has to be done over again, because 
the brush-holder supports have shifted. 

Brushes badly ground in. 

If the faces of the brushes do not e.xactly fit the face of Jhe 
commutator, th§ current-density may be excessive and the com¬ 
mutating period too short to permit of good commutation. When 
grinding in brushes, the direction in which the emery-cloth or sand¬ 
paper should be drawn while the brufilies are pressed upon it depends 
upon the inclination of the brush to the direction of rotation. Where 
the brushes are inclined “ with ” the direction of rotation, as in 
Fig. 275, the grinding should be done in the same direction as the 
normal movement of the commutator. But where the bnxshes 
are inclinedagainst ” the direction of rotation, as in Fig. 278, 
the grinding should be done in a direction opposite to the normal 
rotation of the/;ommutator. 

Rocker-ring. 

The rocker-ring to which the brush-holder supports are attached 
should be capable of being locked so that not only are the brush- 
holders fixed against motion in a circumferential direction but are 
free from the shake that sometimes arises from looseness of the, 
rocker-ring. The movement of a rocker-ring in its support some¬ 
times brings about sparking, the cause of which is not at once apparent.— 
The brushes may be perfectly ground in and adjusted mo,st perfectly 
with the rocker-ring in one position. Owing to vibration or sopie 
other cause, the rocker-ring moves slightly and the bedding of the 
brushes is spoilt. 

• 

Skewed brush-arms. 

Sometimes the line of the brush-holders is not parallel to the 
axis of the shaft and as a result the commutator bars pass some of 
the brushes before others. The effect of skewing the brushiarms 
in a symmetrical manner is virtually to widen the zone of.commu- 
tation. If it is done in an unsymmetrical manner it brings tiboat 
unequal loading of the brush-arras. 



CHAPTER X 

SPARKING AT THE BRUSHES {Continued) 

$ 

COMMUTATION. 

Under this heading we will consider all matters relating to the 
change of the direction of the current in the coils as they pass the 
brushes and in the distribution of current between the various brush 
arms. 

Every engineer who essays to find the reasons for defects in com¬ 
mutation should make himself thoroughly acquainted with the 
theory imderlying commutation and with the laws controlling the 
distribution of potential on the commutator (see page 282). Com¬ 
mutation in its simplest conception can be studied by means of a 
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small model made after the manner of Fig. 282in which the commutator 
bars and connected winding are drawn on a slip of cardboard 
which can be placed above a piece of paper on which the brush is 
drawn. By sliding the cardboard commutator past the brush we 
imitate the process which occurs on the commutator and can fix 
our ideas as to the position of any coil and the value of the current 
in that coil. We may, for instance, take as our index mark ol 
position the mica between commutator bars No. 1 and .2, and fix 
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our attention upon the coil which connects Bars 1 and 2. We will 
suppose that the rotation of the commutator is from left to right. 
The brush in Fig. 282 is delivering the current 2/„ to the outside 
circuit. Move the coil 1, 2 well to the Idft of the brush. Then it 
is clear that if bar^ 1 and 2 are not in contact with tlie brush, the 
current (=half the current collected by the brush), will be flowing 
through the coil from left to right on its way to the brush. If .we 
move;,the coil in question well to the right so that bars 1 and 2 are 
past the brush, then the current in coil 1, 2 must be flowing in the 
opposite direction, and we may denote it by -/„. It is clear, there¬ 
fore, that as the coil 1, 2 passes the brush the current must change 
from +/„ to —/a. We may make a diagram which shows the value 
of the current of the coil in question for various positions of the 
index mark 1, 2. Such a diagram is given in Fig. 283. The current 



keeps constant ,at the value imtil the index mark reaches the 
edge of the brush", when it may begin to fall.. It then passes through 
zero and changes gradually to the value -/„ before the index mark 
passes away from the toe of the brush. If the current follows the 
law shown by the full line in Fig. 283, we have what is sometimes 
called “ straight-line” commutation, the rate of change of current in 
the coil being uniform and of* exactly the right value to enable the 
current — 7„ to be reached at the right instant. The self-induction 
of the coil opposes the change of current in the coil, so that if no 
commutating e.m.f.’s were operating the current would only sink 
slowly, and it would not be until the index mark had nearly reached 
the toe of the brush that the resistance of the brusli* would compel’ 
the current to change quickly to the value -/„. This state of 
affairs is sometimes spoken of as under-commutation, and is shown 
by the detted line marked u in E’ig. 283. If there is a strong com¬ 
mutating E.M.F. tending to change the value of the current in the 
coil very quickly, it may make the rate of change of the current too 
great, so that it sinks very quickly from the value fbecomes 
negative early in the commutating period, and reaches the minus 
value greater than —in which case the resistance of the oarbon 
brush must in the last stages of commutation force it down to the * 
value -/j before the index mark passes the toe of the brush. This 
state of affqjrs is spoken of as over-commutation, and is shown by ' 
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the dotted line in Fig. ^83 marked o. The problem of the engineer 
who is adjusting the commutation of the machine is to arrapge 
matters so that during the commutation Interval in which the index 
mark passes from the heel to the toe of the brush the current will 
change at just such a rate in the short-circuited coil as to reach 
the value —/„ exactly at the instant when the index mark passes 
from the toe of the brush. It is not, of course, necessary to always 
have straight-line commutation. Some designers arrange the field- 
form of the commutating pole so as to give a law of change like 
that indicated in Fig. 284. The advantage of this arrangement is 
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that the rate of change of current, though very great when the index 
mark is in the centre of the brush, is not so great as the index mark 
nears the toe of the brush. Any little want of adjvjstment of the 
commutating pole is more readily corrected by the "resistance of 
the brush when the slope of the curve is small than when the 
slope of the current curve is steep. The slope of the current curve 
being steep in the middle of the brush does not matter, because 
trouble is not ordinarily experienced in the middle of the brush. 

Before the introduction of commutating poles the ordinary prac¬ 
tice was to rock forward the brushes on a generator so that the coil 
under commutation was subjected to an e.m.f. tending to reverse 
the current, and if this e.m.f. was exactly the right strength the 
commutation curve was fairly straight. The e.m.f. necessary to 
overcome the self-induction of the winding of course depends upon 
the rate of change of the current in the winding. The commutation 
interval is fixpd when the width of the brush is fixed. If the rate 

2 / 

of change of current were constant it would be -j-“. This multiplied 


by L, the coefficient of self-induction of the coil, gives us the b.m.f. 
necessary to bring about straight-line commutation. If wp widen 
the brush we lengthen the commutation interval and reduce the 
value of the required commutating e.m.p. As the load increases 
from zero up to its full-load value, the value of the commutating 
E.M.F., should be increased in proportion. It is clear, therefore that 
the plan of rocking the brumes forward to a point which gave 
approximately straight-line commutation at full load w;as not satis- 
'' factory, because the commutating field was too strong for light loads 
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and too weak for over-loads. The moddm plan of providing a com¬ 
mutating pole whose strength varies in proportion to the load is 
very much more satisfactory. Moreover^ it enables the brush to be 
placed on the mechanical neutral (see page 27!)), and avoids the 
demagnetizing effect which is produced on the generator wheri the 
brushes are rocked forward. It is not our purpose here to go fully 
into the design of commutating poles. It is .sufficient to point out 
a few features which are of interest to the engineer who may have 
to adjilst them. 

In a generator the commutating pole sliould be of the same 
polarity as the next succeeding main pole. That is to say, that if 
the coil under commutation is passing from a south main pole to 
a north main pole on a generator the commutating pole should be 
a north pole. If* it is passing from a north main pole to a south 



main pole the commutating pole should be a south pole. The width 
of a commutating pole shoe should be sufficiently great to subject 
all the conductors lying in one slot to the commutating flux while 
the coils are under commutation. If we are dealing with a full pitch 
coil, both sides of the coil will have the same phase position with 
regard to the commutating pole, but, if as is more commonly the 
case, the coil has a short throw the two coil-sides will have a 
different _ % position, as shown in Fig. 28.5, in which case one coil- 

side pa*sses unoc. the middle of the commutating pole before the 
other. This has vii*ually the effect of widening the zone of action 
of a narrow commuta.'ng pole. It is, in fact, sufficient in such cases 
to give to the commuu.ting pole a width of only one-half of’the • 
commutating’zone, because if the field strength is twice as ^eat as 
it need be on a wide pole can have twice the commutating b?m.p. 
sefiup in olie of the coil-sia.’s for one-half of the period and twice** 
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the commutating e.m.f. set u|) in the other coil-side for the remainder 
of the period, instead of having a normal commutating e.m.p. in 
both of the coil-sides for the whole period. The short-throw coil 
with the narrow commutating pole is also convenient for giving to 
the commutation curve the shape depicted in Fig. 284, because we 
get virtually superimposed two commutating field-forms A and B 
in Fig. 286, the .sum of which is equal to the field-form 0 where the 

throw of the coils and the width of the 
\ c commutating poles is such as to make 

A B their effects overlap. Thus we get a 

/ " y \ much greater commutating e.m.p. in 

J /\.\ the middle of the “commutating period 

_ y y V V _than at the end of the period. Some 

I?,,,. 286. machines are only provided with one 

commutating pole for every pair of 
main poles, this one commutating pole being made sufliciently 
strong to generate enough e.m.p. in the two half coils which pass 
under it. 

As a rule the air-gap under a commutating pole is made fairly 
great, say from *25" to ‘75". The reason for this is that it is desir¬ 
able to make the field strength proportional to the load, and as the 
permeability of iron is very far from constant it is best to make 
the reluctance of the iron part of the circuit small as compared with 
the reluctance of the air-gap. Sometimes the pole shoe of a com¬ 
mutating pole is shielded with copper or surrounded by a highly 
conducting electric circuit for the purpose of keeping the flux from 
changing its position when the teeth of the armature pass under it 
(see page 363). The thick copper shield opposes any sudden changes 
in the shape of the field-form, and in <that way makes the e.m.p. 

, in each conductor in the slot follow more exactly the law intended 
for it, freed from the effect of tooth ripples which are set up by the 
- passage of the highly magnetized iron teeth under the commutating 
pole. 

, Notwithstanding the provision of a large air-gap under the com¬ 
mutating pole, the reluctance of the iron of the magnetic circuit 
cannot be entirely neglected, and at heavy loads the reluctance of 
the magnetic circuit is far from being constant. For this reason a 
commutating pole which has been adjusted to be e-- ^ ^ight on 

full load is often found to be too weak on 50 r' ^ cent- over-load 
because, ov?ingto the saturation of the iron of ^ *1® magnetic circuit, 
the pumber of ampere-turns required to give ' right field strength 
are more than 50 per cent, greater than the s mpere-turns req^uired at 
bill load. The saturation of the iron of a c^ mputating pole is aggra¬ 
vated by the very large number of turn which must b^ put upon 
•the pole in order to neutralize the are ^^'rre ampere-turns. If we 
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refer to Fig. 233, we see that the magneto-motive force of the arma¬ 
ture of a generator tends to magnetize the iron of a commutating 
pole in the opposite sense to that requfred. That is to say, that it 
tends to make the commutating pole CP in Fig. 233 into a north 
pole, whereas we* wish it to be a south pole on a generator. It is 
necessary therefore that the series winding on it should carry enough 
ampere-turns to more than overcome the armature ampere-turns 
and t« give it a south polarity of sufficient strength to bring about 
commutation. On the machine a diagram of whose field-form is 
given in Fig. 233 the ampere-turns on the armature amount to 
8000 per pole. The length of the air-gap on to the commutating 
pole is 1 centimetre and the flux density 4440, so that the resultant 
ampere-turns required are about 4000. These must be added to 
the 8000 turns of the armature, giving a total of 12,000 ampere- 
turns required on the commutating pole at full load. The very 
large magneto-motive force exerted by these ampere-turns produces 
very heavy magnetic leakage.* A fairly large cross-section of iron 
is necessary, especially at the root of the commutating pole, to 
provide a path for the leakage and working flux without saturating 
the iron. Even when ample cross-section of iron has been provided 
for full-load conditions, the leakage occurring on 60 per cent, over¬ 
load may be so heavy as to partly saturate the iron and call for 
many more ampere-turns than are provided at 50 per cent, overload 
in order to yield the correct commutating flux. 

Correcting effect of carbon brushes. 

It will be seen from what has been said above that under prac¬ 
tical conditions it is impossible to adjust a commutating pole so 
as to make the field strength of exactly the right value for all loads. 
All that can be done is to generate a commutating e.m.f. which' 
shall approximately do the work of reversing the current in the 
coils under commutation during the commutating interval. One 
must trust to the resistance of the carbon brushes to finally bring 
the reversed current to the correct value before the index mark 
leaves the toe of the brush. The carbon brush is very effective in 
bringing about this correction. Theoretically, the current from bar 
No. l,*Fig. 282, should reach zero value when the index mark 
reaches the toe of the brush. If there is any current flowing from 
bar No. 1 to the brush an instant before the index njark reaches 
the toe, it will create a very high current density at the point of 
contact by reason of the fact that the area of the brush touching* 
bar 1 is rapidly approaching zero. If there is a finite current from 
bar 1 at the time when the area approaches zero, the current density 
bqpomes exceedingly great and the voltage drop very considerable^ 

‘ *Seii pa|;e 348 as to method of reducing the leakage. 
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If we look at the curve of brush dvop given in Fig. 268, we sec that 
the voltage rise for very heavy current- densities does not rise in 
proportion to the current'density. It, in fact, tends to become 
constant, the constant depending upon the character of the brush 
surface and the length of the short arc which Exists between the 
carbon and the copper. Experience shows that a brush drop of 
frorh 3 to 5 volts can exist under the toe of a brush before it shows 
appreciable sparking. It appears that when the commutating E.M.F. 
is not properly, adjusted, so that the current density under the toe 
of a brush becomes excessive, the carbon is burnt away so that it 
does not touch the copper, the length of the arc under the toe prob¬ 
ably not being , more than *0001". This short arc, however, is 
sufficient to give the requisite back pressure to dorce the current 
in bar (2) up to the proper value before the index mark leaves the 
toe of the brush. It is not well, however, to call on the carbon 
brush to exert a back pressure of more than 2 volts as a correcting 
influence. If we fix on this figure of 2 volts, we are able to see by 
what percentage the adjustment of the commutating pole may differ 
from its proper value before the 2 volts is exceeded. 

In the 1000 K.w,, 500-volt, D.C. generator, particulars of whose 
field-form are given in Fig. 233, the e.m.f. required to be generated 
in one coil in order to bring about proper commutation at •full load 
is 3 volts. As there are 4 coils short-circuited under the brush, the- 
total voltage to be generated in these 4 coils is 12 volts. If through 
defective adjustment of the commutating pole the total voltage in 
the 4 coils is only 10 volts, we can rely upon the back pressure exerted 
by the toe of the carbon brush to force the current in the last bar 
to reach its correct value before the i»dex mark leaves the toe of 

, the brush. Or if the commutating pole were adjusted to such a 
value as to generate 14 volts (2 volts more than the required figure), 

- we might again rely upon the carbon brush to exercise its correcting 
influence. We see, therefore, that an error of 15 per cent, in the 
adjustment of the commutating pole does not bring about any serious 
sparking. The sum of all the e.m.f.’s generated by the commutating 
pole in all the coils under commutation at one time is sometimes 
spoken of as the “ voltage under the brush.” This voltage does not 
appear on the commutator because it is absorbed by the self-induc- 

- tion of the armature winding (see Fig. 241). The self-induction of 
each armature coil is such that it requires 3 volts to overcome the 
selfdnduction when the current is changing at the rate required for 

' commutation at full load. For convenience of expression we speak 
^bout the 3 volts being generated by the pole, but in reality the 
volts are not generated in the coil, the flux change created by the 

•^change in current being exactly balanced by the flux change ocoar- 
ring as the coil moves in the magnetic field of the pole. This is what 
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we mean by saying that the voltage generated by the commutating 
pole is absorbed by the self-induction. Nevertheless, it is of import¬ 
ance to consider the total volts under thf brush because if it is large 
the commutating pole will have to be very finely adjusted in Girder 
that the total erroj may not exceed 2 volts. For machines of normal 
speed it is generally considered that a total voltage of 20 volts under 
the brush is a possible practical figure, because it permits of an 
error of 10 per cent, in the adjustment of the commutating pole 
without calling for more than 2 volts correcting influence of the 
carbon brush. Good modern machines, however, will commonly be 
found with voltage under the brush between 10 and 15 volts. 

If it is desired to know exactly the amount of the voltage imder the 
brush, it may be measured in thefollowing manner. Liftall the brushes; 
excite the coramulating pole with the number of ampere-turns equal to 
the resultent ampere-turns upon it at full load. By means of voltmeter 
points, applied as described on page 336, find the difference of 
potential at points immediately under the toe and heel of a brush. 
When the brushes are removed from the commutator the full voltage 
generated by the commutating pole, as shown by curve AA' in 
Fig. 241, appears on the commutator. It will be seen that for the 
case illu.stratcd in Fig. 241, the voltage under the brush is the differ¬ 
ence between 265*5 and 253*8—that is to say, 11*7 volts. When 
the brushes are down and the generator ruiming on full load these 
volts are entirely neutralized by the self-induction of the armature 
coil, so that the potential distribution curve takes a shape like 
curve BB'. The potential of the brush may be about one volt 
lower than the horizontal part of BB' as given by the thick hori¬ 
zontal line. 

Distribution of current between the brush arms. 

One of the most important factors in securing good commutation 
is to see that the current is evenly distributer! between the brush 
arms. This is a matter of importance, because the commutating 
poles are usually all adjusted to equal strength, and they cannot 
therefore be properly adjusted for each brush arm unless each brush 
arm is carrying the same current. In practice it is found a little 
difficult to make the current in all brush arms the same. In order 
to prcrperly miderstand the factors which control the current in 
each brush arm, we must have a proper understanding of the com¬ 
mutator potential curve, such as that shown in Fig. 236. In the 
ideal machine, each of the waves of the potential curve is ex^kctly^ 
similar and is exactly the same height above and below the zero 
line. If these conditions could be attained in practice and the 
brushes were spaced exactly a pole-pitch apart, all the brushes 
of the sane polarity when placed with their centres opposite th^ 
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mechanical neutral at no'-load would be at exactly the same 
potential and no current would tend to flow from one brush to 
another. 

Eurther, mider these ideal conditions we could rock all the 
brushes forward, and the only effect would be to lower the potential 
of the centre of each brush ; but the potential of the centres of all 
the positive brushes would be equal, and the same may be said of 
the negative brushes. The effect of rocking- the brushes forward 
so that they come on to the slope of the potential curve is, of course, 
to raise the potential of the heel of the positive brush to a point 
higher than the middle and to lower the potential of the toe of the 
brush below the potential of the middle. The effect of this is to 
create an eddy cflrrent under the brush, current passmg in at the 
heel and out at the toe of the positive brushes'and vice versa in 
the negative brushes. So long as the brushes are rocked forward 
only a little way and the slope of the part of the potential curve 
on which they lie is not great, this eddy current will only be small; 
but if the brush is rocked forward until the total voltage under the 
brush as represented by the difference of potential between the heel 
and the toe measured on a potential curve is greater than 5 volts, 
fairly heavy eddy currents will flow, and when the voltage under 
the brush is as great as 10 volts, very heavy sparking will be visible. 
So far our remarks have applied to the ideal machine, in -^^ich the 
waves of the potential curve are absolutely similar '■and of the same 
height and on which the spacing of the brushes is perfectly accurate. 
It is easy for the engineer who is familiar with the meaning of the 
potential curve to judge how far the brushes may be out of spacing 
or the waves of the potential curves deviate from equality before 
deleterious effects are noticed on the machine. If we take the 
potential curves drawn to scale in Fig. 239, and imagine positive 
and negative brushes put upon the positive and negative waves 
respectively, we can see that owing to the flatness of the tops of the 
waves the brushes may be considerably out of spacing before much 
current circulates between one brush and another. A current of 
any magnitude passing from the commutator to the brush or from 
the brush to the commutator will create a drop of about 1 volt. 
We can therefore move any of the brushes from the no-load neutral 
to a point on the potential curve which is nearly 2 vcflts lower than 
the highest point before any series current circulates at no-load. 
Thus on the machine in question a single positive brush can be 
rocked forward or backward by 0-6 inch before there is a potential 
' difference of 2 volts between it and the brushes which remain on 
the mechanical neutral. It will be seen later that the latitude in 
bad spacing which is permissible at no-load is not permissible at 
'full load, because when, all brushes are collecting current, and the 
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normal maximum brush drop of about 1 volt is already in existence 
on all brushes, it is not permissible to have a difference of potential 
of 2 volts between the points of brush positions on the potential 
curve because that 2 volts would make a very groat differdhce in 
the current collepted by the brushes in question. 

Methods of investigating the current distribution at full load. After 
we have satisfied ourselves that we have all the conditions necessary 
for the good collection of the current at the brushes, the next step 
is to‘find out how the current is distributed between the brush- 
arms. A rough method which works well enough in practice is to 
take the milli-volt drop in each brush-arm, the voltmeter points 
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being applied as shown in Fig. 287 at 4 and B. For this purpose 
we must scrape off paint or varnish from the bnish-arm so as to 
get on to the bare metal, and we must be careful that the points 
A and B touch the metal of the arm itself and not merely the metal 
to which it is bolted, because the drop in the joint between the 
metals'may be great as compared with the drop in the brush-holder 
arm ifself and is of uncertain amount. Where brush-arms are made 
of cast-iron the drop, even at low loads, is usually su|ficient to be 
measured on a milli-voltmeter, and the resistance of the brush-arms 
may be taken as approximately the same provided we employ the 
same points'4 and B on each one. It is not uncommon td find the 
brush-arm drops on machines that are operating quite well differii^ 
by very large percentages. Sometimes the current taken by on^k 
brush-arm may be double the current'taken by another, and 
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yet the sparking is not appreciable. This goes to show how 
very efiective the carbon brush is' in correcting the work of the 
commutating pole. For, obiuously, the commutatmg pole, if ad- 
* justed to the right value for one of the brush-arms, must be very 
much out of adjustment for the other one. It is best to make a 
record of the brush-arm drops in the followng way. 

Ghalk on each brush-arm its number, beginning, say, at the top 
of the machine, and going clockwise around the commutator^ Odd 
numbers, let us say, are positive and even numbers negative. The 
polarity should be ascertained by means of a voltmeter the marking 
of whose terminals is beyond suspicion. It is well to have the 
handles of the voltmeter points painted red and blue, the red always 
being used for positive, and being connected to the, positive terminal 
of the voltmeter. Having numbered all the brush-arms we begin, 
say on a positive brush-arm, putting the red voltmeter point at A 
and the blue on B. We should now get a positive reacfing. It is 
important to check this because it is not impossible for a so-called 
positive brush-arm to be actually puttmg down current instead of 
picking it up through some dissymmetry in the machine. Now go 
round all the positive brush-arms, always putting the red to A and 
blue to B, and write down in a notebook the number, of and the 
corresponding drop in the brush-arm, noting, of course, tlj^at they 
are all positive. Now go round all the negative brush-arms in the 
same way, putting the red point on B and the blue point on A, and 
note that all brush-holders of even number are negative. If all 
the drops are within 10 per cent, when the machine is on full load, 
the adjustment in this respect is quite as good as one finds in prac¬ 
tice, and it may not be worth while to try to improve the current 
distribution unless the conditions of co'mmutation are very severe, 
so that good commutation could only be expected with the very 
finest adjustment. As a rule it is found that the differences of the 
brush drop in the various arms are very much more than 10 per cent. 
In experimental tests, where some precision may be necessary, it 
is'not sufficient to assume that the’resistance of the brush-arms is 
the same, and it may be necessary to connect resistances in series 
with them. A convenient method of putting in a resistance is to 
fold over a strip of German silver, as shown in Fig. 287 a, place a piece 
of fuller board between the two fiat ends, and bolt this between 
the brush-hplder arm and its support so that one end of the German 
silver strip is in contact with the brush-holder and the other in con- 
,tact' with the metal which normally collects the current from it. 
We may now attach our milli-voltmeter points at C and D, and the 
rfiilli-voltmeter readings then give a positive indication as to the 
jfurrent distribution, because we can give to all our German silver 
resistances the same value. w 
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A^jnstment of current distribution.' Where it is established that 
the current distribution bet'ween brush-arms is not imiform, the 
next step should be to check very carefully the spacing of the brush- 
arms. Many methods have been proposed for the accurate spacing 
of brush-arms, some of which have proved to be rdther difficult to 
carry out in practice. Some engineers, for instance, wrap a strip 
of paper round the commutator, thus finding the exact circum¬ 
ference. This circumference is then divided into as many parts 
as there are brush-arms, and evenly spaced lines are ruled on the 
paper, which is again wrapped around the commutator so that 
the lines come near the toes of the brushes. It is then seen whether 
the brushes toe the lines all round the commutator. On a big 
commutator, however, it is rather difficult to get the paper uniformly 
stretched, and when a commutator is hot it will be found that the 
paper shrinks in those parts where it is heated up by the commu¬ 
tator ; and even if the lines were originally evenly spaced, the 
stretching and the shrinking of the paper may put them out of 
spacing. For this reason a strip of copper tape is more satisfactory 
than a strip of paper, and may be used where it is available. 

The best method, however, is to have the brush spaeing marked • 
out on the edge of the commutator, and some makers have this 
done before the machine is shipped. For this purpose a groove is 
scratched in the radial face of the commutator at its external end, 
and on this groove punch-marks are made exactly evenly spaced. 



Fia. 288.—Curved metal strip, with radial edge for the aceurate setting of brusheK. 

A strip of iron having one end turned down, as shown in Fig. 288 , 
is laid against the toes or the heels of the brushes of one of the 
brush-arms. It is easy to sec whether the edge of the strip comes 
exactly opposite the centre of one of the punch-marks. The iron 
strip to work well should be given a curvature (shown in the figure) 
rather greater than that of the commutator, so that it lies in a 
perfectly positive position. Where a commutator is graduated, all 
that is necessary is to turn it until the punch-marks come opposite 
the toes of the brushes and then apply the steel edga. It can at 
once be seen whether any brush is slightly forward or slightly back¬ 
ward of the ipean position. It is not always safe to assume thal the 
man whd spaced out the punch-marks has done them uniformly. 
Where any doubt exists the punch-marks should be checked with 
a*good pair of trammels. After the trammels have been set m 
nearly as 'possible to the correct spacing, ft is well in going around 



332 


DIAGNOSING OF TROUBLES IN DYNAMOS 

s 

the commutator not to put the point of the trammels in the punch- 
marks, because the sloping side of the ppnch-mark may automatic¬ 
ally correct slight errors and so prevent the accumulation of errors. 
It is'best to put one point of the trammels just outside the pimch- 
mark, say away from it, and with the other point describe a 
part of a circle on the copper, making a scratch about from the 
side of the next punch-mark. Then put the first point exactly on 
that scratch and make a scratch near the nearest punch-mark, and 
so on round the commutator. After we have gone right around the 
commutator, if the trammels have been properly set the last scratch 
will coincide with the point on which we began. If this is not the 
case, we must reset the trammels by their screw adjustment and 
go around the commutator again until we find that the adjustment 
is exactly right. We can then check the spacing of the brush-arms 
exactly. 

Taking the same sheet of the notebook on which we have entered 
the numbers of the brush-arms and the current distribution, we 
can now add the additional information as to the spacing of the 
brush-arms. On generators where the brushes have been rocked 
slightly forward to aid commutation, it will generally be found that 
those brush-arms which are collecting the smallest current are 
spaced so that they are slightly in advance of the mean .position, 
and those which are taking the biggest current are slightly behind 
the mean position. Where this is found to be the case, the remedy 
obviously is to correct the spacing of the brush-arms. If the brushes 
are rocked backward the current distribution is sometimes very 
erratic, and bears no simple relation to the spacing of the brushes. 
Upon the whole, those brushes which are farthest back will take 
the least current. In machines which have their brush-arms clamped 
tightly to a metal face which is at right angles to the axis of the 
machine there will generally be found some play in the clamping 
bolts, so that the brush-arms can be shifted a little when the 
nuts are loosened. Sometimes, however, the play in the bolts is 
not sufficient to enable all the brush-arms to be correctly spaced. 
When this is so the brush-arm must be taken ofi and the holes eased 
out with a round file. Sometimes by making the mean position a 
little farther back or a little farther forward, we can do awhy with 
the necessity of filing out bolt holes. After the brUsh-arnih have 
all been correctly spaced, the limit of error being not more than 
•01", the brushes must be ground in on those arms which have been 
.adjusted so as to get proper contact between the brushes and the 
commutator over the whole of their surface. It is well t® pass the 
emery cloth under all the brush-arms after a brush spacing so as to 
Mt all the surfaces in a similar condition. The spacing Should then 
be checked again, and if'the spacing is being checked byihe punch- 
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marks on the edge of the commutator, iff is well to try these punch- 
marks in two or three different positions, say with the commutator 
turned round through 90° and then 180°. This has the effect of 
checking the spacing of the punch-marks if this has not alueady 
been done. We can now run the machine on load again and check 
the current distribution. 

Usually it is found that unequal current distribution is due to 
bad brush spacing, and it is cured by correct brush spacing. This 
is, however, not always the case. The following are some other 
possible causes of bad current distribution; 

(1) Uneven tension of the brushes. If the springs of some of the 
brush-holders are adjusted so as to make the tension of the brushes 
very much greater on some brush-arms than on others, the brushos 
with the heaviest tension may collect more current than the brushes 
with the light tension. Sometimes the adjustment of the brash 
tension may be useful in making fine, adjustments of current][dis- 
tribution. 

(2) The poles may be unevenly spaced. On machines that have 
their poles cast in, it is not uncommon to find that through shrinkage 
of the yoke in cooling the whole spacing has been considerably 
disturbed. If this has not been corrected afterwards by chipping 
the edges of‘the pole, the potential curve will be so disturbed that 
the points of highest potential are not evenly spaced. When this 
is the case the simplest plan is to space the brashes so as to fit the 
potential curve. One difficulty, however, is that the irregularity 
in the potential curve changes from no-load to full load, and where 
poles are ver)' badly spaced it may be impossible to get good commu¬ 
tation at all loads owing to this circumstance. When it is desired 
to get the best commutatiqg conditions the spacing of the poles 
should be very accurately carried out. Sometimes on machines 
with bolted-on poles the spacing is not carried out as well as it 
might be. A cumulative error of |’u" is sufficient to affect the 
commutation. 

(3) Unequal strength of the poles. This may be due to uneven 
air-gap or to blow-lioles in the yoke. Where the reluctance of those 
parts of the magnetic circuit represented by the air-gaps, pole bodies 
and yol^es is not uniform, there is a tendency for the flux under 
the various poles to be uneven. This is especially so on series 
wound machines. On lap wound machines provided with cross¬ 
connectors the effect of cross-connecting points which ought to be 
at the same potential has the effect of equalizing the pole streijgth 
notwithstanding the small inequalities in the reluctance ,of the * 
magnetic circuit. Nevertheless a very big inequality in the reluct* 
ance of th§ magnetic circuit may call for such large circulating 
cufrents through the cross-connectors that these currents, cut downr 
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by the self-induction of. the winding, are not sufficient to completely 
equalize the pole strengths. Whenever the total flux from a pole 
is less than the normal amount the difference of potential between 
the positive and negative brushes at each side of the pole is less 
than normal. That is to say that the loops of the potential curve, 
Fig. 236, are not of the right height. The case is most marked when 
there are two poles together whose strength is below normal, because 
the loss in the voltage is then experienced by both sides of the 
armature coils which are passing under the poles. This wea^cening 
of the two polos sometimes occurs through a bad blow-hole in the 
yoke. Cast-steel yokes sometimes have very large blow-holes'in 
them, and if the. cross-section of the yoke (as designed) is rather small 
to. carry the full fl\ix, a blow-hole may very much reduce the flux 
of the two poles at each side of the blow-hole. This is more espe¬ 
cially so on machines having no cross connections. Another cause 
of unequal flux from the pole is an inequality in the number of 
ampere-turns on the pole. Sometimes a shunt coil may be short- 
circuited or partly short-circuited and a diminution in the flux of 
the pole may follow as a consequence (see page 30). A shunt coil 
may be connected in the reverse direction, so that the full ampere- 
turns are tending to produce a flux of the wrong polarity. So 
. effective are the cross connections on some armatures that even 
with a reversed shunt coil the machine may operate reasonably 
well, and the sparking at the brushes may not be so bad as to 
lead one to suspect such a very serious cause. A measurement of 
the potential distribution around the commutator will always reveal 
the dissymmetry due to any of these causes and lead to a detection 
of the fault. Search coils wound around the poles and connected 
in opposition to a flux-meter will reveal any inequality of flux. 

, (4) Bad spacing of or unequal flux from commutating poles. As 

shown on page 265 commutating poles under certain conditions 
have the effect of increasing the e.m.f. between the brushes. This 
is more especially so when the brushes are rocked backward on a 
generator for the purpose of obtaining a compounding effect. If 
the commutating poles are unevenly spaced or if they are of unequal 
strength this compounding effect may be unequal, so that the loops 
of the potential curve are of uneven heights and the current distribu¬ 
tion between the brushes affected. Any bad spacing of the com¬ 
mutating poles sufficient to cause an important effect will generally 
be visible F the main poles are properly spaced. It sometimes 
happens, however, that the commutating pole winding is short- 
'circuited on one or more poles, and this leads to the result described 
^Jbove. “ By measuring the milli-volt drop in each commutiiting pole 
coil, taking great care to get the voltmeter points on to the actual 
'Copper of the coil itself, one can immediately ascertain whether all 
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poles are uniformly excited. At the saftie time as this is being done 
the polarity of the poles can be (ihecked, as the direction of winding 
of the poles is sufficiently apparent in series coils. It is not likely 
that the air-gap on commutating poles will be so far out of adjust¬ 
ment as to affect the machine in this respect. The flux may also 
be affected by heaVy currents in cross connectors. 

(5) Irregular spacing of commutator bars. The irregular spacing 
of commutator bars produces an alternating effect which caimot 
be ob^rved on a D.C. instrument, so that while a D.O. instrument 
may show that the mean continuous current is evenly distributed 
between the brush-arms, there may be an alternating current super¬ 
imposed on the direct current producing very heavy instantaneous 
currents which are too great to be commutated, alternating with 
instantaneous cvlrrents which arc too small for the commutating 
pole adjustment. The tests to discover this alternating effect are 
described on page 361. 

(6) Unequal resistance in wiring around the frame. Sometimes 
on generators designed for very heavy current the resistance of the 
conductors collecting current from the various brush-arms and con¬ 
ducting it to the terminals of the machine are not of sufficient low 
resistance, and the voltage drop in these conductors is sufficient to 
effect the distribution of current in the various brush-arms. This 
is especially the case where the conductors are built up of strips 
which are bolted together. There may be a looseness in the joints 
between the strips causing excessive drop at full load. Where there 
is an uneven current distribution between brushes which cannot be 
attributed to any of the causes described above, it is well to take 
the drop in potential of the various parts of the wiring around the 
frame to see whether ther^ is any \mduc drop that will account for 
the inequality of the current distribution. 

After everything has been done to obtain equal distribution of * 
current between the brush-arms and all the matters referred to above ■ 
have been put in order, the distribution between brush-arms should 
again be checked over with the brushes rocked to the various working 
positions. It will sometimes be found that the rocking of the brushes 
affects the ‘distribution between the brush-arms. This is more espe¬ 
cially t^e case where the potential curves are uneven. There may be 
differ^t heights and different slopes of the potential curve on parts 
of the commutator which ought to be equal in those respects, so 
that the rocking of the brushes may quickly take a baish which is 
at a low to a higher potential, while another brush which was origin¬ 
ally at a higher potential may be on a fairly flat part of the curve 
and not have its potential changed so mucL If this effect of t^e 
change of, distribution with change of rocking position is at all 
serious, a complete plot of the potential curve all round the con>* 
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mutator should be taken id the manner described on page 282. 
Phis plot of potential curve will usually throw light on the cause 
of its irregularity, and steps can be taken to remedy the defect. 

Adjustment of commutating pole. 

Having, then, got the machine to a state in Which the current 
distribution between the brushes is reasonably uniform, say Avithin 
10 per cent., over the whole arc through which it may be desired to 
rock the brushes, we may proceed to adjust the strength Of the 
commutating pdles. For this purpose the brushes should be rocked 
to the position of the commutator on which it is desired that they 
shall be during full-load operation. As a rule it is desirable to have 
the brushes on the no-load magnetic neutral. The method of find¬ 
ing the true magnetic neutral at no-load is describfed on page 279. 

Sometimes it is desirable to have the brushes rocked slightly 
backward, in order to obtain a compounding action (see p, 262). 
Sometimes it is desirable to have the brushes rocked a little forward 
in order to get greater stability. Whatever position has been 
decided upon the commutating poles should be adjusted for that 
position. 

The most usual method of ascertaining whether the adjustment 
of the commutating pole is right is to measure the drop in potential 
between the commutator and the brush at various points"of the 
brush from the heel to the toe, as this enables us to get some idea 
of the current density at various parts of the brush. 

Apparatus for measuring brush-drop at various parts of the brush. 
It is usual to choose four or five evenly spaced points between the 
toe and the heel of the brush on which to measure the brush-drop. 
On a narrow brush, say or narrower, four points as shown in 
Fig. 289 are generally sufficient. On a wider brush five points may 
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be taken as shown in Fig. 290. It is best to take the points near 
the toe and the heel rather than exactly at the toe and the heel, 
because we are not quite sure of the position of the extreme points. 
If we try to go too near the toe or the heel, we may accidentally get 
into fi region outside the contact where the potential difference 
changes yery rapidly per centimetre of periphery. 

.. The guide strip illustrated in Fig. 262 can be used for measuring 
brush drops. It will be seen in that figure that the holes numbered 
rO, 11, 12,13 and 14 are all under the brush; so that if a voltmeffit 
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18 connected between the pencil (Fig. ’263) and the brash, it will 
read the voltage drop between the brash and the bar that is passing 
the hole through which the pencil is pressed. 

Another way of measuring the brush-drop at these various points 
is to prepare two brushes for the four-contact case as shown in 
Fig. 2®1. One shape makes contact at points 1 and 4, and the 
other at points 2 and 3. For the five-contact case three brushes 
will be required, one for points 1 and 5, another for points 2 and 4, 
and a third for the central point. These brushes are prepared bv 
filing away the carbon until an edge is left, which, when the brush 
is placed in the holder, comes down on the commutator on one of 
the contaet points at which it is desired to take the brush-drop. The 
sides of the brash are ground away so as to leave a clearance of 
on all sides between it and the box holder. Cartridge paper, secured 

/w 
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by paste, is then wound tightly around the brash to a thickness 
just sufiicient to make it a nice sliding fitin the holder, and to insulate 
it from the holder. One of the voltnieter wires is then attached to 
the pig-tail of the brash, and the other terminal of the voltmeter is • 
connected to the brush holder. 

It is well to use for this purpose brashes of fairly hard texture, 
so that the edge is not worn away too quickly. The edge should 
from time to time be renewed ivith a file, care being taken to preserve 
the exact position of the edge. This can be done by drawing a line 
on the cartridge paper on each side of the brush to indicate the 
position of the contact edge. In order to take the brash-drop curve 
on any particular brash-arm, a brash is taken out of one of the 
holders of that arm and the prepared brush put in its place. A 
voltmeter, reading to about five volts, is connected between the 
prepared brush and the brash-arm. An ammeter on series with,the^ 
armature ^should be read at the same time as the brash-djop. If 
the load is unsteady, one should try to read the brush-drop when the 
armature current is near some pre-arranged value. Small changes 
in*the armature current do not affect the brush-drop appreciably. • 

W.D. V . 
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Brnsh-drop curves. - It is very necessary to appreciate exactly 
what this apparatus measures. Suppose that we have a prepared 
brush, as shown in Fig. 291, whose edge rests on the commutator 
near the toe of a line of brushes. This edge touches the commutator 
bar beneath it for a short interval of time, which commences at the 
instaiit that one of the micas flanking the bar pa.sses the edge of the 
brush and ends at the instant when the other mica passes the edge. 
During this interval of time, the voltage between bar and brush may 
change over a considerable range. As we are using a D.C. voltmeter, 
the reading on the instniment gives the mean potential difference 
during the interval. Further, it must be remembered that most 
D.C. generator? have several conductors side by side in one slot, 
each conductor bfeing connected to a separate bar. Suppose that 
we have eight conductors per slot, there being four conductors side 
by side and four commutator bars per slot. 

As shown in page 259 and Fig. 238, the e.m.f.’s generated in 
the coils connecting successive pairs of commutator bars are not the 
same for a given position of the pair of bars with respect to the 
bru.sh, even when the field form is free from ripples. When ripples 
are present, the e.m.f. generated in conductors immediately after 
they have passed the neutral zone may be changing fairly rapidly; 
so that while the potential of bar No. 1 when it passes the toe of the 
brush may be only 0-5 volt above the potential of the brush, the 
potential of bar No. 4 may be 1*5 volts above that of the brush 
when it reaches the same point. The voltmeter then reads the mean 
value of the potential difference taken throughout the whole interval 
of time required for the four bars to pass. The oscillograph curves 
given in Figs. 308 to 310 show over what a wide range the instan¬ 
taneous values of the brush-drop may .change in certain cases. 

Brush-drop curves in ideal machine. If we could have an ideal 
machine with extremely narrow bars and uniformly spaced con¬ 
ductors moving in a commutating field of constant strength, then 
it is clear that the best form of the brush-drop curve would be a 
straight line, as shown in Fig. 29^. The height of the ordinates, 
shown as 0*85 volt in this figure, would of course depend on the kind 
of brush, the current density, and the other matters considered on 
pages 302 to 316. Such a curve would indicate that the current 
density was uniform all over the brush face; and a uniforni current 
density gives us the least losses. 

If the brush drop measured on the ideal machine were of the 
shaj)e shown in Fig. 293, it would indicate that the current density 
was much greater at the heel of the brush than at the toe. The 
current density is not proportional to the brush-drop, so that we 
cannot tell by how much the current density at the heel exceeds 
• that at the toe. We cannot even make use of the brush curves. 
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such as those given m Fig. 258, because a higher current density at 
one part of a brush will in a very short time cause the length of the 



arc between brush and commutator to become slightly greater d!t 
th^t part than at the part where the demsity is less; and this uncertaii^ 
increase in the length of the arc affects the amount of the brush-drop. 
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After a machine has been funning on load for a long time and the 
brushes have become worn and burnt on their face to their final 
working shape, it is probable-that the curve of brush-drop represents 
much more nearly the cuiwe of current density than it does when 
the brushes are newly bedded in; but in any case there is no pro¬ 
portionality between the ordinates of the brush-drop curve and the 
ordinates of the current density curve. 

Relation between current density and rate of change. In our 
ideal machine the current density is directly proportional to Che rate 
of change of the current* in the coil imder commutation. X-he 
brush-drop curve can thus be taken as some indication of how 
quickly the cuiTent is changing in the coils at difierent points along 
tne brush face. A curve like that in Fig. 292 tells us that the current 
is changing at a uniform rate, just sufficient to bring about straight- 
line commutation (see Fig. 292a), and thus produces uniform current 
density over the face of the brush. 

A curve like that shown in Fig. 293 tells us that current density 
is greater than it should be imder the heel of the brush, and that the 
current is changing more quickly at this point than is necessary for 
straight-line commutation. Now the total change of current in 
the coils is fixed for a given load, so that if the rate of change is too 
great at the beginning of the interval it is bound to become smaller 
at a later point of the interval, if the average is to be maintained. 
Or, looking at the' matter from the point of view of 'Current density, 
if the density is greater than the mean at the beginning of the interval, 
then it must be smaller than the mean at a later point of the interval. 
A commutating pole that is too strong causes the current to change 
too quickly at the beginning of the commutating period, so that we 
have early commutation, as shown in Fig. 293a. Note that the 
' slope of this curve docs not get to zero until the commutation 
period is over, and the corresponding brush-drop curve given in 
Fig. 293 does not fall to zero. 

If the inter-pole is made still stronger, the commutation curve 
may assume a shape like that shown in Fig. 294a, in which the rate 
of change of the current in our ideal coils is zero just before the end 
of the commutating period. This would mean that'the current 


* Proof. dxhea, small distanco on the surface of a brush that is passed by a point 
on the commutator in a small time dt. Let I bo the axial length of?the brushes. Then 
I, (f* is a small area of the brushes swept by a line on the commutator in the time dt. Lot 
ij be the current density; so that t^{. ^ is the current yielded to the brush over the small 
area in question. This current yielded to the brush is the difference dl between the value 
of the current in the coil at the beginning of the interval dt and the current in the coil at 
the end of that interval. 

, Therefore ij-dx=dl, 


or 

,1 


dz dl 


where e is the peripheral velocity of the commutator. 
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density would be zero at tbe end of the period, so that the brush- 
drop curve might assume a shape like that shown in Fig. 294. 

If the inter-pole is made still stronger, we shall get over-commu¬ 
tation in which the current in the coils assumes a greater negative 
value than it will have after the toe of the brush is passed (see Fig. 
295a). It is therefore necessary for the resistance of the brush or 
the spark at the toe to bring back the current to its normal value. 
This means that the rate of change of the current in the final stage 
of the ’commutating period mu.st be in the opposite sense, and that 
th<i current density near the toe of the brush must be in the opposite 
sen.se. The brush-drop curve may then take a shape like that shown 
in Fig. 29Sk 

In case the inter-pole is too weak, the reversing of the current 
is delayed. The commutation curve may then be like Fig. 296a, 
and the brush-drop curve like Fig. 296. If the excitation of the 
commutating pole were so weak as to be overpowered by the armature 
ampere-turns, the inter-pole flux would be in the wrong sense, so 
that the commutation curve and brush-drop curves might assume 
the shapes shown in Fig. 297a and Fig. 297 respectively. 

Departure of ordinary machines from ideal performance. This 
consideration of the shapes of brush-drop curves of an ideal machine 
gives us a guide to the interpretation of the brush-drop curves as 
found oh ordinary machines. We must, however, never forget the 
differences in the curve shapes caused by the facts that the com¬ 
mutator bars are not infinitely narrow and the coils are not uniformly 
distributed. 

Effect of the finite width of the bars. The statement that the current 
density is proportional to the rate of change of the current in the 
coils under commutation is completely true only in the ideal case 
where the bars are so narrow that any bar under consideration lies 
wholly imder a brush. Where the bars have finite width and part 
of a W passes from under the brush, the current density depends 
not only upon the total current yielded by the bar, but also upon 
the area of contact at the instant in question. As the bar of finite 
width moves forward, the area of contact Ls gradually reducsed to 
zero; so that, whatever finite current the bar is yielding to the brush 
the current density must rise to infinity before the bar leaves the 
brush.* This progressive increase of the current density and con¬ 
sequent rise of brush-drop has a most salutary effect in correcting 
small errors in the adjustment of the commutating pol«. 

If the pole adjustment is such as would leave a finite ciuyent 
flowing from‘bar to brush at the instant of breaking contact, the* 
rising brush-drop, acting as a back pressure, forces the current down 
to zero before the circuit is broken, and bad sparking is prevented. 
Tftere is, o( course, a limit to the correcting .pressure capable of being 
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exerted by the brush. ‘One should not call' upon the brush to exert 
a correcting voltage of more than two volts, or some sparking will 
result. With very hard carbon bnishe.s' of high contact resistance, 
erronf of commutating pole adjustment calling for a correcting 
pressure of 3 volts or more, have been successfully combated; 
l)ut it is better not to throw such an arduous duty upon the 
l)rush. 

The Effects of the grouping of the conductors in slots are considered 
on pages ‘ISH to 201, and 203 to 265. It will be seen that the volts 
generated»in a coil joining a pair of bars is not constant as between 
successive pairs of bars for a given position of a pair with respect to 
the brush. It follows that no given adjustment of the cor^fhiutating 
p(flc can be exactly right for all bars. We can only hope to make a 
compromise, and the excitation which is found best in practice is 
in reality rather too strong for some coils and rather too weak for 
others. If the commutating pole is on the whole too weak there is 
a tendency (as explained on page 369) for the main work of commu¬ 
tation to be left over for the last coil of the group. If, on the other 
hand, the jtole is too strong then the last coil of the group may be 
left with sur})lus negative cnirrent and may be unable to get rid of 
it without a sjiark. 

As some bars leave the toe of the brash there will be a tendency 
for the current from it to reverse ; while with other bars there will 
be a tendency for the current to flow too long and dfaw out a spark. 
The.se tendencies are in most cases corrected by the resistance of the 
brush contact, so that sparking does not result. 

“Half-stepped windings.” The fluctuation of the value of the 
voltage generated betweeti bars at any given point of the commu¬ 
tator can be very much reduced by half stepping ” the winding. 

« By this is meant the splitting up of a group of coils whose “ bottom ” 
coil-sides lie on the bottom of one slot so that their “top ” coil-sides 
lie some in the top of one slot and some in the top of another slot. 
'Thus if the bottom coil-sides of coils f, 2, 3 and 4 lie in slot No. 1, 
Vi'e may place the “ top ” coil-sides of 1 and 2 in the top of slot No. 12, 
and the toj) coil-sides of 3 and 4 in the top of slot No. 13. 

The effect of this in smoothing down the irregularities illustrated 
in Figs. 238 and 240 will be understood from an examination of 
Table V., which is compiled from the same figures for average volts 
between bars as given on page 259. It will be seen that there are 
now only t\to bars that have the same voltage between them and 
..that voltage in the case of two of the bars is the mean of the voltage 
generated in two different slot positions. Thus in the first position 
2 and 3 have the values 0’41 ascribed to them. This is because one 
of the coil-sides joining them has 0 volt and the other coil-side has 
0*82 volt. 
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When we make a summation of the figures in Table V., we 
arrive at the potential distribution curves shown in Fig. 298. It 
will be seen that the fluctuation of the voltage at any distance from 
the neutral is very much diminished below the e.xtremes shtfwn in 
Figs. 238 and 240, This improvement brought about by the half- 
stepped winding is of special importance when there are tooth-ripples 
in the e.m.p. wave-form in tlie vicinity of the neutral. 


T.4B1.K ?.~VOI.T.A<;>S BETWKKN B.\11S OK COMMUTATOR IN VARIOUS KOSITIONS. 



Drooping curve towards the toe. We have seen that on the ideal 
machine a level brush-drop curve (sec Fig. 292) would indicate 
perfect adjustincnt of tlie comimitatiug pole. It is common know¬ 
ledge, however, that on commercial inacliincs the curve that gives 
the least sparking is not as a rule a level curve, but one that droops 
somewhat towards the toe. 'I’he reason for this is to be found in the 
effects mentioned in the two preceding paragraphs. If the com¬ 
mutating pole is adjusted so as to give a very small mean current 
density at the toe of the brush during the last .stage of the commu¬ 
tation, any departure from uniformity, in the direction of excessive 
current density on some bars, will be met more easily by the brush 
resistance if the mean density is zero, than if tlie mean den.sity has 
a finite positive value. This is more particularly so because of the 
law of change of voltage drop with current density, as illustrated'in 
Fig. 258. 

Practical test. While the brush-drop curve serves as a guide and , 
enable!? us to get some idea of the distribution of current on the face 
of thd brush, the real criteria of correct inter-pole adjustment, is 
the absence of sparking. Some low voltage generators permit of 
a wide range of adjustment of the inter-pole, withoutfshowing any 
sparking. In these cases the inter-pole should be adjusted so as 
to g^ve the lowest temperature rise. An adju.stment whlfch gives 
a fairly level brush-drop curve gives the lowest brush losses. If it 
i% found that the sparking is least when the brush-drop curve is (j^ 
the kind shown in Fig. 294, we may conclude that the brush-drop 
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exerted by the brush. ‘One should not call' upon the brush to exert 
a correcting voltage of more than two volts, or some sparking will 
result. With very hard carbon bnishe.s' of high contact resistance, 
erronf of commutating pole adjustment calling for a correcting 
pressure of 3 volts or more, have been successfully combated; 
l)ut it is better not to throw such an arduous duty upon the 
l)rush. 

The Effects of the grouping of the conductors in slots are considered 
on pages ‘ISH to 201, and 203 to 265. It will be seen that the volts 
generated»in a coil joining a pair of bars is not constant as between 
successive pairs of bars for a given position of a pair with respect to 
the brush. It follows that no given adjustment of the cor^fhiutating 
p(flc can be exactly right for all bars. We can only hope to make a 
compromise, and the excitation which is found best in practice is 
in reality rather too strong for some coils and rather too weak for 
others. If the commutating pole is on the whole too weak there is 
a tendency (as explained on page 369) for the main work of commu¬ 
tation to be left over for the last coil of the group. If, on the other 
hand, the jtole is too strong then the last coil of the group may be 
left with sur})lus negative cnirrent and may be unable to get rid of 
it without a sjiark. 

As some bars leave the toe of the brash there will be a tendency 
for the current from it to reverse ; while with other bars there will 
be a tendency for the current to flow too long and dfaw out a spark. 
The.se tendencies are in most cases corrected by the resistance of the 
brush contact, so that sparking does not result. 

“Half-stepped windings.” The fluctuation of the value of the 
voltage generated betweeti bars at any given point of the commu¬ 
tator can be very much reduced by half stepping ” the winding. 

« By this is meant the splitting up of a group of coils whose “ bottom ” 
coil-sides lie on the bottom of one slot so that their “top ” coil-sides 
lie some in the top of one slot and some in the top of another slot. 
'Thus if the bottom coil-sides of coils f, 2, 3 and 4 lie in slot No. 1, 
Vi'e may place the “ top ” coil-sides of 1 and 2 in the top of slot No. 12, 
and the toj) coil-sides of 3 and 4 in the top of slot No. 13. 

The effect of this in smoothing down the irregularities illustrated 
in Figs. 238 and 240 will be understood from an examination of 
Table V., which is compiled from the same figures for average volts 
between bars as given on page 259. It will be seen that there are 
now only t\to bars that have the same voltage between them and 
..that voltage in the case of two of the bars is the mean of the voltage 
generated in two different slot positions. Thus in the first position 
2 and 3 have the values 0’41 ascribed to them. This is because one 
of the coil-sides joining them has 0 volt and the other coil-side has 
0*82 volt. 
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is oscillatory in character. This may be confirmed by taking reading! 
on an A.C. voltmeter, as well as on a D.C. voltmeter. The difierenct 
between the squares of the readings then gives us the square of tht 
virtual value of the superimposed oscillation. In ca.ses when this 
oscillation proves to be of a .serious character its cau.sc must be 
determined (see page 359), and eliminated. 

Diverter for inter-pole winding. The most usual method of chang¬ 
ing the strength of the inter-pole for any given load, .say, full load, 
is to divert part of the current from the winding l»y means of a 
gerpian-silver strip or iron grid, connecled in parallel with it. It 
is a good plan for the te.ster to provide himself with a universal 
diverter^>ansisting of a large number of strips mounted on ii frame 
and arranged so that any number at will m.ay be connected in imriillel. 
This diverter may be connected to the termiiials of any inter-pole 
winding by means of low-resistance fle.xible (^iibles, and the parallel 
strips switched in and out until the best effect is observed. The 
correct re.sistancc for the diverter is then at once apjMirent from an 
in.spection of the .strips in parallel, so that a j)ermanent gernuin- 
silver strip can be made up for attachment to the machine. 

Effect of temperature. One objection to a diverter made of german- 
silver, or any metal with a low tem])erature coeflicient, is that, when 
the machine gets hot, a larger proportion of the current is diverted 
than wllen the machine is cold. The small difference in the inter¬ 
pole strength made by this circumstance is not usually in itself 
sufficient to affect the practical operation of the machine, but it may 
combine with other effects (.see page 347) that tend to make the inter¬ 
pole too weak on heavy load. If the divert!!' be made of iron, 
having a high temperature ccxifficient, it will tend to divert le.sa 
current as the machine and* diverter get warmer, so that wlnin the 
machine is working on a steady overload the commutiting pole will 
receive a rather larger proportion of the current than at light 
loads, and .some compen.sation is made for the higher saturation of 
the pole. Where the load is of a fluctuating character, one cannot 
make use of this method of comjwnsation, because the <iivert*r 
takes many minutes to reach its final ternjjerature at given load. 

Fluctuating loads. Generators .supplying a traction lofwl where 
the demand for a heavy cunent may (!ome on very suddenly, some¬ 
times spark badly as the load increa.se.s, becamso the increase in t he 
magnetic field provided by the commutating pole lugs behind the 
increase in the current. This may be due to the djmagnetizing 
effects of eddy currents, set up in the solid metal of the commufi^tin^ 
poles, as .the’ampere-tums on the poles increa.se. Solid pfjlcs are 
more liable to this trouble than laminated poles. Any damper (wi 
t^ pole tends to increase the effect, or the lag may be due to the 
dmerence in the time constants of the diverter and comrnutetinjJ 
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pole circuits. The inductance of the commutating winding may be 
very considerable, whereas the indubtance of a german-silver diverter 
is very small. When the bad increases suddenly, the first rush of 
current finds a much easier'path through the diverter than through 
the commutating polo. Sometimes when a div,erter is used it is 
provided with a choke coil in series with it, so as to increase the 
inductance of the diverter circuit. If the ratio of the resistance to 
the inductance is made the same for the two circuits, the purrent 
will always divide according to the inverse ratio of the resistances, 
however the load may fluctuate. * • 

Where an inductive diverter circuit is provided it is usual to make 
B, 

the ratio , for the diverter rather less than for the commutating pole, 

tJ • 


so as to neutralize the lagging effect brought about by the eddy 
currents in the solid parts of the poles. The simplest method of 
dealing with heavy fluctuating loads is to provide laminated inter¬ 
poles with large air-gap (preferably behind the pole, see page 349), 
and adjust the strength of the pole by adjusting the length of the 
air-gaps so that no diverter is needed. 

Effect of saturation of the inter-pole. The inter-pole is rather 
liable to become saturated on heavy loads. The useful working 
flux from the polo is itself small, the density in the air-ga^ under 
the pole being commonly only from 2000 to 4000 e.G.s. Unes per 
sq. centimetre. Tbe leakage flux, however, may be very heavy. 
This is due to the very large number of ampere-turns which the pole 
must carry in order to overcome the armature ampere-turns and the 
small clearances between the inter-pole and the main pole on frames 
which have been rated to their maximum output. It must be re¬ 
membered too, that the effective ampefe-turns available for driving 
the working flux across the air-gap and along the iron parts of the 
inter-pole magnetic circuit is only the difference between the ampere- 
turns on the pole and the ampere-turns on the armature. This 
difference may only amount to one or two thousand ampere-turns, 
so that a few hundred ampere-tunis absorbed on the iron parts of 
the magnetic circuit may make a very considerable deviation from the 
proportionality between the flux and the effective ampere-turns. 

This matter is more easily understood if we take a quantitative 
example. Consider the case of a 600 K.w. 600-volt li.C. generator, 
having 8 poles and 96 conductors per pole equivalent to 48 turns 
per pole. TSie full load current per conductor will be 126 amperes, 
so that the armature ampere-turns will-be 6000. Let us suppose 
that it requires a flux density of 4000 in the gap under the inter-pole 
to bring about good commutation at full load, and that an effective 
M.M.F. equivalent to 2500 ampere-turns on the inter-pole are required 
'to produce this flux density. 
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Further, let us suppose that there is some saturation of the inter- 
pole circuit, so that the relation between flux density in the gap and 
effective ampere-turns is given by the furvc B in Fig. 298a. Let 
the straight line OA give the relation between the load and the flux 
density required in the air-gap to bring about the best commutation. 



Fl(j» 2UH(i. - ('haractori.Htic curve of a comiiiutulinR jtolc jirovidctl \tilh a n*vcrm‘d 
^ aliiuit winding'. 

It will be seen that if we have nine turns on each inter-pole, and 
divert 5*5 per cent, of the current we will have 900#-500 = 8500 
ampere-turns on the inter-pole at full load. Subtracting 0000 from 
this we get 2500 effective ampere-turns, or just exactly the right 
amount to give us the required 4000 e.c.s. lines in the gap to briflg 
about goorlcommutation. Now let the load increase tu 1500 amperei^ 
The density in the gap will become 5250 instead of 6000 required for 
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good commutation. As the difference is over 12 cent, the spark¬ 
ing may be quite bad, and there may be a tendency to flash over 
if the load increases. 

The best way of curing a trouble of this kind is by adopting the 
double brush described on page 351, and a very good palliative is 
the reduction of the magnetic leakage by putting a wide air-gap 
behind the inter-pole. If it is not convenient to apply these remedies 
the commutation can be made a good deal better at 1500 amperes 
by diverting less current, thus making the inter-polo a litile too 
strong at .full load, but not so much as to spoil the commutation. . 

Auxiliary shunt winding on inter-pole. A still more effective 
palliative is to take away the diverter altogether and a small 
slvant coil to each inter-pole capable of giving about 300 ampere- 
turns opposed to the series ampere-turns. At a load of 1500 amperes 
the effective ampere-turns on the intcr-polc will be 13500 -9000 —300 
r=4200. This will give us a flux density of 5600 in the gap, that 
is only C'5 per cent, too small, while at full load the flux density is 
only 5 per cent, too great. Sec curve C of Fig. 298a. The fact that 
wo have a slight negative excitation at no-load is of no moment, 
because apart from the fact that this is opposed by the residual 
magnetism of the pole it is too weak to cause deleterious circulating 
currents in the brushes. One advantage of the small shunt coils 
on the inter-poles is that by means of a rhco.stat in circuit with them 
wo have such a convenient method of adjustmg the excitation of the 
pole while the machine is running, whereas the alteration of a 
divcrt(u as ordinarily supplied with a big machine is not .so con¬ 
venient. 

Methods of reducing the leakage on inter-poles. The saturation 
of the iron of inter-poles is mainly caused by the great magnetic 
, leakage which ordinarily occurs on them (see page 340). Any 
arrangement of the parts which reduces magnetic leakage helps to 
keep the commutating flux proportional to the load. The exciting 
winding should be arranged so as to exert its m.m.f. as near as 
possible to the part that is to be magnetized. 

For this reason the turns of a compensating winding distributed 
over the face of the main poles are more effective than the same 
number of turns placed on the inter-poie itself becau.se they neutralize 
the armature ampere-turns in situ, and do not give rise tt^ much 
magnetic leakage. The expense of the compensating winding 
precludes it*, use in ordinary commercial machines. The next best 
plaij from the magnetic point of view is to make the commutating 
coil winding as short as possible in a radial direction, as to put it as 
close as possible to the armature (see Fig. 299). This arrangement 
unfortunately sonrewhat blocks the natural ventilation of the field 
‘system, and is therefore not adopted except on macl\ines having 
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wide spaces between the poles. While it is necessary on most com¬ 
mercial machines to give the coils a considerable radial length in 
order to find room ior all the required nmperc-turns and air-space 
for the cooling, the radial length should not ]>e made any greater 
than is absolutely necessary, and the coil sliould be supported as 
near to the armature as is consistent with good mechanical con¬ 
struction. The part of the pole between the coil and the yoke 
should^be made of sufficient section to carry its maximum magnetic 
flux at a density not exceeding 13,000 c.o.s. lines per sq. cm. 



The air-gap* between the armature and the inter-pole should be 
made as small as possible, consistent with the elimination of tooth 
ripples. If the teeth are skewed and the corners of the pole bevelled, 
this air-gap may be reduced to quite small dimensions without 
introducing tooth ripples. It is then possible to make quite a long 
air-gap between the root of the pole and the yoke. The object of 
this gap is two-fold. In the first place, it calls for more effective 
ampere-turns on the pole. It is not well to have the effective ampere- 
turns too small a fraction of the armature ampere-turns. For 
machines on which the commutating conditions are easy we may have 
the fraction as low as 0 2, but where the conditions arc difficult it-is 
better to make it nearer 0-4. 

By making an air-gap behind the inter-pole wo can fix tlic gap 
between it and the armature at any value we w’ish so as to secure 
good magnetic screening and then make up the required demand 
for ampere-turns by adjusting the other gap. 

The second advantage is that for a given numbe/ of ampere- 
turns on the pole, the magnetic leakage is less where there are.twq 

K thap where there is only one next to the armature. Any 
ige from the sides of the inter-pole, due to the difference of 
magnetic potential between it and the yoke, is negative leakage, 
and it mu.st be subtracted from the positive leakage which occurs at 
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the other end of the pde (see Fig. 300). The negative leakage is not 
so easy to get on D.C. generators and motors as it is in syncnromous 
converters, because in the former there must always be a very large 
proportion of the total m.M.f. opposed to the armature m.m.f. and 
this will produce positive leakage, whereas on a synchronous converter 



FlO. 300.—Wide air>gap behind inter-poli^ to incn^uiK' the aniperc-tums on the pole 
without inereusing the leakage. 


a much smaller proportion of the total m.m.f. is opposed to the 
armature reaction. 

Automatic adjustment of commutating pole. A simple ’method 
of making the coipmutating pole winding automatically adjust itself 
to the varyuig conditions of the load is as follows. 

Arrange half the brush-liolders on each arm so that they are 
about I inch in advance of tlie remainder of the arms, as shown on 


ir4TA" jl'; 


FlO. 301. 

Fig. 301, and are lightly insulated from the arms. This can be some¬ 
times done by putting a packing piece of thick fuller board between 
the holders and the arm and providing the bolts that secure the 
holders with suitable insulating bushes. Two new bus-rings can 
then be fixed around the brush-rocker and the current from the 
insulated brushes fed into these rings. Let us denote the positive 
bjush holders that are | inch forward by A and the backward 
holders by B. On the negative arms let the forward brushes be A' 
and the backward B'. We may then connect the brushes to the 
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load in the manner indicated in Fig. 302, where TF and TF are com¬ 
mutating pole windings, and Z) is a resistance of approximately the 
same value as IF. It will be seen that only the current from 
the A and A' brushes goes through the‘commutating pole winding. 
The coils must therefore have twice the number of turns as would 
be required if the whole current passed through them, and the cross- 
section of the copper strap m.ay be only one half as great. With 
this arrangement the current divides between the sets of brushes 
A and *6, so as to keep the commutating pole at the right strength. 
If the pole is too strong, the B set will tend to get more current than 
the* ^ set (.see Fig. 294), and this will reduce the excitation. 



l*'lti. 302.—(’onnuflions of brush f«>r iiutimiallc ucljustincnt nf 

c-unniutatiii); |)oU'. 


If the pole is too weak the, A sets will tend to get more current 
than the B .sets (see Fig. 296) and this will strengthen the commu¬ 
tating pole. It is found in practice that the automatic control 
which this arrangement gives is so powerful that even if a deliberate 
attempt is made to interfere with the current distribution by short- ' 
circuiting I) or by increasing the resistance D to .several times the 
resistance of IF, only a very small change in the distribution is made. 
The little change that docs occur is sufficient to almost counteract 
the effect of the unequal di.stribution of resistance. 'I’his is becau.se 
the drop in voltage in commutating-pole windings on machines of 
any size is usually small compared with the voltage under the 
brushes. 

The arrangement also works well on machines subjected to sudden 
overloadj^ On an ordinary machine the commutating pole may fail 
to respond quickly enough to commutate the quickly rising current, 
but with this arrangement any weakness of the pole causes‘the* 
current t6 be carried forward to the A sets of brash holders, apfl 
before bad .sparking can occur the current in the commutating pole 
will rise to nearly double of its normal value. In this case th& 
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inductance of the armature coils under commutation is pitted 
against the inductance of the intcr-pole winding and forces the 
current through this windipg notwithfdanding the alternative path 
through D. The most pov^erful effect is obtained by arranging the 
A and B brushes of suitable width and putting the A brushes 
completely ahead of B, but not so far ahead that a commutator bar 
leaves the B brushes before touching an A set. One good feature 
of this arrangement is that it neutralizes any of the tendencies (such 
as mentioned on pages 340 to 342) towanLs the production 'of eddy 
currents flowing from the toe to the heel of the brushes. Sueh an 
eddy current would have to pa.ss through the commutating polo, and 
the magnetic field set up would generate an e.m.f. oppp^td to the 
E.M.F. producing,the eddy. 

Double-commutator machines. Sometimes a D.C. generator, 
designed to deliver a current of many thousands of amperes, say, 
for electrolytic work, is provided with two commutators, one at 
each end of the armature. Tlie equal division of the current between 
these two commutators is usually carried out by very careful rocking 
of the brushes at each end. A very small disturbance of the brush 
position may throw a very heavy load on one end of the machine. 
Sometimes resi.stances are in.serted with the cables from each end 
to make the equalization more stable. A very simple way of 
stabilizing the current distribution is to connect only the brushes 
at one end of the machine in series with the comnuitating pole. 

Thc.se brushes can then be rocked forward by a suitable amount, 
and automatic adjustment of the current between the two sets is 
brought about by the action of the commutating pole as explained 
above. 

OTHER DEFECTS IN THE COMMUTATION OF D.C. GENERATORS. 

On most modern machines, the adjustment of the brushes for 
good collection of current, the equalization of the current between 
tlio brush-arms, and the correct adjustment of the commutating 
polos, are all that is ncccs.sary to bring about good commutation. 
It may be, however, that after these matters have been attended 
to it is still found that the machine sparks on load, so that it is 
necos.sary to look for other causes of trouble. 

An oscillograph is of great service in throwing light upon the 
behaviour of the machine. In Chapter XVI. page 428, some hints 
.are .given upon the use of the oscillograph. 

Ripples on the wave form. 

Fig. 303 shows the no-load wave form of the e.m.f. in an armat^ 
coil on a D.C. generator having twenty-three slots per pole. Its mdin 



36! 


OTHER DEFECTS IN COMMUTATION 

* • 

outline follows the field form of the flux from the pole. Superimposec 
Upon this main outline are a nuhiber of tooth ripples.* 

It is well here to consider some of the causes of these ripples, 
In the first place, it should be said that tooth ripples may be ditided 



Kio. No l<>a*l wave form of e.m.k. in one coil of !>.('. pneraUtr having 23 
armalui-e wlttla jmt 'I'lie invgnlrtrily in fho rii'iih* is an iiiN'ifon'iue effort 
duo, lo plots in the pole face. Time HCiile 1 eni. - 0 0027 see. Kretnicnoy ff7‘7. 


into two classes : tliose duo to swinging of flux and those due to 
pulsation of flux, • 

Swinging of flux. As the teeth of tlie armature in Fig. 304 
(which shows for simplicity otdy eight teeth per pole), change from 
po.sition {a) to position (i),1 ho magnetic flux cuts across the conductors 



I'l) Fki. 3(14. I''l 

lying in the slots. Beginning with position (a), and considering the 
armature as moving clockwise : the first effect is for tljp five teeth 
to carry most of the flux with them, so that the flux distribution is 
unsymmetrical'about the central line of the pole, the deflcctiotj .being 

• M. B. Field, A Study ol the Phenomenu of Kesonanco in Klcctric Cireuita,” 4ottrff! 
vol. 32, p. 647; G. W. Worrnll, “ Commutation Phenomena and Ma^ctic Oacilla- 
tioim occurring m O.C. Macfainee,” 4oum. LE.E.t vol. 45, p, 480; S. P. Smith and, 
Boulding, ibid. vol. 53, p. 205, 1915, 

W.D, 
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to the right. When position (6) is reached, the new tooth approaching 
the pole on the left takes the same amount of flux as the tooth leaving 
the polo on the right, and Jthe flux again becomes symmetrical. A 
slight continuation of • the clockwise motion gives again a dis¬ 
symmetry of the flux distribution about the central line ; but now 
it is the new tooth and the four under the pole that claim the main 
bulk of the flux, producing a deflection to the left. Thus the flux 
swings backward and forward relatively to. the pole as the teeth 
revolve, and in cutting across the conductors sets up all e.m.f. 
that is one of the main causes of the tooth ripple. If the swinging 
of the flux of the main poles only be considered, this e.m.f. is at 
a maximum in the conductors directly under the pole,Jtf!u*is zero 
in the conductors in the neutral plane. I'his can be seen from an 
inspection of Fig. 303. The same action, however, occurs under 



the commutating poles, when these poles are excited with the toad 
current, and the swinging of the commutating pole flux produces 
its maximum effect in the coiLs under commutation. Tlie swinging 
of the flux of the commutating poles is more complex in charactei 
than the swinging of the main flux, because it is due not only to the 
variation of the path of the flux when the teeth change theii; positioE 
but also to the change in the m.m.f. exciting the path as the currents 
in the conductors change their value. Fig. 305 gives the full-load 
wave form i^^f the e.m.f. m one coil of the D.C. generator to whid 
^ Fig. 303 referred. The generator was provided with a compensating 
" winding, which was rather stronger than the armature, so that th 
main flux is distorted slightly against the direction of rotation' 
will be seen that there are very pronounced ripples ne^r the ^cure 
- of the commutating pole (see p. 357); but while the^coil i;mJlin 
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circuited the brush (see region marked 6), the ripples are sup¬ 
pressed. Fig. 306 gives an oscillogram of tlie brush-drop at full- 
load, taken between the bar near the centre of the brush and the 
brush holder. The irregularities were due to uneven spacing bf the 
bars and repeated themselves faithfully at each revolution. 



Fid. 300.--Oscillojjruni of brush drop on |)osi(ivr brush of (hr !).('. f'cnriabir 
rrfrrred to in 303 urid 303. 'Hir o.scillojrniiu Inchuirs a i‘on>|>irlo ifvolu- 
tion of the comiimtntor (4 pttirs) uiul brjilns to rr|M'at itw'lf. 'I’Ikti' wrro 
coiniiiutator bars |mt imiIc. 'I'hiH briti^ ail odii iiiinibt'r wi* havr 40 ('iirH-iit. 
breaks m the half rycir. TIu' ciinciit brrjik umlrr a iirirativi,* brush shows 
itwlf by indurtive etlrrt uikUt (htt lutsitive bni.sh (>«*o p. 337). 'I'iriir m:abt 
1 orn.*-(H)U3sr(*. 


When there arc .slots in the pole having the .same pitch as the 
armature slots the tooth ripple hecoim's very jironounced. Where 
the slotjj in the pole have not exactly the .same pitch it will he, found 
that at certain positions of the armature the ripple is pronounced 
and !it other pbsitions it disappears dm; to !in interference effect. 
This effect is visible on the no-load curve, Fig. 303, but is not so 
visible in the full-load curve, Fig. 305, where the magnetized teeth 
of the armature had a more powcrfid effect.. 

The pul.s;ition of the K.M.i'’. caused b) the pulsation of the main 
pole flu.x causes a tooth ripple in tlm k.m.f., and this in general gives 
rise to a ripple in the direct current (sec Irigs. 317 ami 310). This 
ripple in the current changes the stnmgth of the I'ornmutating poles 
from in.stant to instant.. 

Pulsation of flux. The main flux from the pole cannot ])ul.sate 
through a great amplitude, l)ecau.se the currents induced in t he shunt 
coil acting as the secondary of a transformer, and also in the solid 
parts of the magnetic circuit, tend to wij)c out any pulsation. Never¬ 
theless,‘small pulsations of the flux embraced by the coils under 
commwtation can be ob.served; and as very small pulsations arc 
sufficient to .set up e.m.f.’s .seriously affecting commutation, this 
cause of trouble must not be neglected. * 

^ There are ^wo main causes of flux pulsations through the anna- 
^^e : (o). ripples in the main current, produced by tooth Tipples, 
j in turn may have their origin in flux-swinging; (6) variatioits 
tiou ocO reluctance of the magnetic circuit, due to the passage of the^ 
Bedding, lie tfitb under the pole horn from’position (a) to position 
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(b) in Kg. 304 . Of 'these, undoubtedly the first is the more 

important. . . 

Tbm we .see that while flux-swmging under the main poles 
canncA directly set up fi.M.k’s in the coils under commutation, it 
may, through the medium of ripples in the armature current, super- 
impo.se upon the magnetic circuit an alternating m.m.f, which is 
of sufficient amplitude to .set up pulsations in the flux embraced by 
coils under commutation. Moreover, the ripples in the main current 
set up variations in the M.M.F. exerted by the conductors under the 
, commutaijing .poles, and thius affect the distribution of the commu’ 
fating flux. The wliolc action is exceedingly complex, and is hardly 
amenable to analytical investigation, because so muoh^epends 
upon the irregular changing of the reluctance of flux paths as the 
tcefh cliange their position under the main poles and the commu¬ 
tating poles. 

Mutual induction between coils. I’liere is also another source of 
E.M.F. in the coils under commutation. When for any reason the 
commutating pole is not adjusted so as to reduce the current passing 
from a bar to the toe of the brush to zero at the instant when the bar 
leaves the brusli, the current must be broken suddenly as the circuit 
is opened, '.riie sudden (diange in the value of the current in the 
coil leaving the brush sets up by transformer action an k.m.f. in the 
adjacent coils, and the (uirrent in the other coils lying in the same 
slot changes just as suddenly but in the opposite sense. 

Sparkographs. The mutual induction between the coils reduces 
the self induction of the (toil leaving the brirsh; so that the bad 
spark which would otherwise occur is suppressed or minimized, but 
the suppressions of the spark may lead to a very sudden change in 
the current density on t he surface of aimthcr bar whuth is still under 
the brush. This (thange of (turrent density may be so sudden and 
so severe for a short interval of time that the short arc under the 
brush may leave, after a few hours’ rim, a pattern on the face of the 
brush in which the widths of the bars and even of the miita can be 
discerned. These pictures on the face of the brush may be called 
“ sparkographs.” They am most commonly rather blurred, owing 
to the movement of the bars while the picture is being printed ; but 
in rare cases they are most wonderfully sharp, the picture of the 
mica segment being perhaps not more than wide. 

Such sharp pictures could only be produced if the change in the 
value of the'current density is extremely sudden. It may be that 
the small capacity that exists between the different turns of an 
armature winding assists in the sudden breaking of the current as 
a‘bar leaves the brush and the sudden transfer of the energy to the 
next armature coil. 

That K.M.F.’s of great suddemiess do occur in armature winding 
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when a brush is sparking or is near the sparking limit, is shown bj 
the oscillogram given in Fig. 307. This oscillogram was taken on 
a two-pole D.C. machine having 18 slots and 54 commutator bars. 
One of the armature coils had its tcrminais conne(!tcd to twti slip- 
rings and the voltage between the rings was recorded by the oscillo¬ 
graph as the machine ran on load. The general shape of the held 
form of the generator appears in the oscillogram ; but superimposed 
upon this field form are violent oscillations, whicdi hav(! the frequency 
of the commutator bars. These are produced by the Iran.sformer 
action between the coils leaving the brusli and the coil connected 
to thj^ slip-rings. The oscillations are greatest when the mutual 
inductafaco»is greatest, and fall to zero wlten the slip-ring coil is at 
right angles to the coils under commutation. It will be .seen that tihe 
voltage induced by the breaking of the current, at the toe of the 



Kio. Wave form of k.m.p. pi'mTaU'ti in om* c^jil of ft D.Cl fjcneraUir 

having 54 coniiiiutalor Imrs. 'I'lnr hrimhi'M wen* Inully iK'iidcd iitid Kpurkiiig on 
lotltl. 


brush has an amplitude as great as the voltage gcnerabul by the 
movement of the coil under tlic main ]»ole. It is greatest when the 
coil is at right angles to the axis of the main poles, but is not so 
apparent at the termin.als of the coil while it is short-circuited by 
the brushes, because it is then absorbed in driving current through 
the coil. The effect here described is ))erhaps the most potent cause 
of the ripples near the neutral in the full-load wave form of K.M.K. 
generated on a single turn on the armature of-the 1).(J. generator 
referred to in Fig. 305. 

Variation of voltage due to spacing. 

The effect of ripples must be taken in conjunction with what 
was said on page 259 with regard to the changes of potential difference 
between commutator bars as a slot takes up different po.sition,s In 
thg field, it will be seen from Table III. and Fig. 238, that varia¬ 
tions in the potential difference between bars may be of considerable 






Klu. HOK. -OHcillo^rani of bruHh <lrop llie heel «>{ a ]M)»itivc brush and 

Iho <!oinnuit4vtor of a Hynohron<mB oonvorUT on loa<l. Thin* scale 1 cm. -- about 
O’CM).*) Hce. 



the coinnnitalor of a syncliroiious converter. Time scale 1cm.:--about 
0 tH)5 we. 



ill the vicinity of the neutral plane, we can expect that the variations 
of the potential difference between bars and the brush with which 
they are in contact will bo much greater than those -’ndicated in 




OTHER DEFECTS IN COMMUTATION 35B 

• • 

Fig. 238. In practice, this is often found to be the case. Figs. 308, 
309 and 310 are oscillograph records taken at the heel, middle and 
toe respectively, showmg the difference of potential between these 
different parts of a positive brush and the cc/inmutator bars tliat pass 
under them. The curves are somewhat erratic in formation, because 
their amplitude partly depends upon the resistance of the brush 
contact and this varies from instant to instant, owing to the slight 
chattering of the brush. The macliine had twelve slots per polo and 
four cdhnnutator bars per slot. The fourth bar of the slot produces 
muf h more effect in the oscillogram than the other three though the 
effect of the others is just visible here and there. The main peab 
on tlJe'curye are produced by the breaking of the current between 
the toe of the brusli and the fourth bar and the variations of potential 
difference referred to in Fig. 238, augmented by the tooth ripple. 
It will be seen from Fig. 310 that the potential difference between 
the toe of the brush and the bar under it varies from 4 2*4 to -0'3 ; 
this corresponds to an exceedingly wide range of current density 
under the brusli at the point in question. 

Xhe presence of the widely varying voltage drops can be detected 
by readings taken on a 1).C. voltmeter ami an A.C. voltmeter, as 
de.scribed on page 280. If an oscillograph is available, more exact 
information will be forthcoming; the complex wave obtained 
generally contains one harmonic having the frequency of the slots, 
and another baving the frequency of the commutator bars. In 
Figs. 308, 309 and 310 the frequency of the bars is barely visible. 
The slot frequency is very pronounced, because it is much more 
diflScult to commutate the current from the last liar in a slot than 
it is to commutate tlie current from the preceding bars. If the 
commutating pole is not of the right strength, the current from the 
preceding bars is taken up easily by the succeeding bars, on account, 
of the close magnetic coupling between all bars lying in the same 
slot. Thus, if the commutating pole is too weak, the preceding 
bars in the slot will pass on the uncommuted current to the succeeding 
bars; so that when the last bar arrives at the toe of the orush-it 
has much more than its share of the current to reduce to zero, before 
the break occurs. When the break does occur, it is so sudden that 
a kick .voltage is generated in all coils near the neutral zone. This 
kick wltage makes a momentary increase in the turrent passing from 
any bar, and this gives rise to a higher drop in potential under the 
brush. These sudden changes in the brush-drop f^rm the chief 
features in thj oscillograms. The pulsation of lower frequency visible 
in Figs. 308 and 310 is due to an effect described on page 389. The 
chattering of the brushes also causes great irregularities in the curves. 

, Cure for tooth ripples. Where the indications are such as to lead 
lis to belie’'e that the tooth ripple is causing trouble, a.s8uming4hat 
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it is not possible to alter the armature the following method may be 
adopted for suppressing it. 

(1) Bevel the poles (both main poles and commutating poles) 
with a deep bevel having the same width as the tooth pitch, and 
arrange the depth of the bevel so as to make the reluctance of the 
magnetic circuit as far as possible constant for all positions of the 
armature. An alternative to bevelling the poles is to cut off the 
horns on the skew, but this may lead to mechanical troubles, 

(2) Cover the tips of the commutating poles with a thick'copper 
plate I" to according to the size of the machine. The eddy-, 
currents .set up in this plate oppose the quick changes of flux distri¬ 
bution under the commutating poles. The» covering of tll8 pole- 
ho.rns of the main poles with copper, as was at one time done by the 
Westinghouse Company in the case of rotary converters and alter¬ 
nators, also has the effect of .suppressing the tooth ripples, but is 
much more expcn.sive than the bevelling. 

(3) Where poles are provided with compensating windings or 
dampers lying in slots, these slots should not have the same pitch 
as the slote of the armature. If they have, the tooth ripple may be 
very pronounced. The best way to cure it is to mount the poles 
so that the slots are skewed exactly one slot pitch. Another plan 
is to alter the spacing of alternate poles by half a slot pitch. This 
will, however, make an unsyinmetrical field and may spoil the com¬ 
mutation. 

Skewed slots. The skewing of the slots in the armatiire is by far 
the mo.st effective method of suppressing tooth ripples, but this is 
in general possible only on a new machine. The skewing of the main 
poles and commutating poles is sometimes possible on a machine 
that has already been built, but would, not be resorted to until it 
was found impossible to suppress the tooth ripples by suitable 
bevelling and the addition of copper dampers. 

Too few slots per pole. 

. The disadvantage of having a small number of slots per pole is 
two-fold : in the first place it increases the amplitude of the ripples 
in the wave form, and in the second place it increases the numb >r of 
commutator bars per slot; and therefore the variation of voltage 
under the brush (ILscussed in connection with Fig. 238 is greater. 
A machine with a largo number of slots per pole, and one commutator 
bar per .slot, qomes nearest to the ideal in the matter of commutation. 

Bad spaping of bars. 

Though this matter was referred to earlier in this chapter, when 
we were considering commutator construction, the effect it produce 
is really an electrical effect and should therefore be considered here. 
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We have seen (page '328) that the distribution of the current 
between brush-arms depends upon the position of the brushes with 
respect to the potential distribution curve. If the bars are correctly 
spaced this position will remain unaltered ; but if they are incorrectly 
spaced the position will vary as the commutator revolves. Thus two 
brushes that are correctly adjusted witli re.spect to the lield form are 
virtually rocked backwards and forwards with rcsj)cct to t he potential 
curve as the commutator revolves. The brushes will in consequence 
take alternately more and less current. At tho.se instants when the 
current is great the commutating pole strength may be too weak, 
anJ at those instants when the current is small the commutating 
polo Sliengfh may be too great: thus the brushes .spark whatever 
the adjustment of the pole may be. • 

If the commutator has been graduated with jtuncli marks, as 
described on page 331, it will be pos.sibIe, by inspecting the i)t)sition 
of each punch mark with respect to the mica segment adjacent to 
it, to s^e whether the bars are correctly spaced, and, if t.hey art! not, 
to see the extent of the error. The extent of the ])t!rmis.sit)le error 
in bar .spacing is dependent upon the voltage of t he mattbine, the 
width of the brushes, the absent!!! t)f totdli rijtple, anti tht! excellence 
of the machine in other matters such as Inive been tlealt with above. 
Whore the “ voltage under the brush ” (.see page 32(1) is low, the 
contact? resi.stant;e t)f the brushes may go ti Itmg way ttiwanls ctmi- 
bating the effeet due to con.sitlerablo error in bar .spacing. Where 
the “ voltage under the brush ” is high, and c.s|K!t!ially where there 
are tooth ripples t)f consitlcrable magnitude, very smidl errors in bar 
spacing may make the dill'ertmce between pa.s.sablt! ctnnmutat.ion 
and very bad commutatit)n. 

On a 600-volt machine having a brush jiitch (mc.asurcil along 
the commutator) of 10" and having as good c.ommutating ctniditions 
as are commonly met with in practice, a cumulati.ve error of 
in the bar .spacing may be sufficient to .spoil that perfection in i-tnn- 
mutation which the de.signer likes to see. A cumulative error t)f I" 
will in general make the commutation Iwtl. If we wish tt) asettrtatn 
the extent to which the bad spacing tif the bars allt!cts the tairrent 
distribution during the rotation of t he commutator, the best plan 
is to cqpnect german-silver stri]).s between the brush-arms and the 
condugtors into which they feetl, as shttwn in Fig. 287«, anti t hen to 
take an oscillograph record of the voltage drop in the german-silver 
strips at full load. Fig. 311 is a reprod uclion of a rocor(^ of this kind: 
it shows that the current in the brush-arms on which the record 
was made^vafied from 120 amperes to 320 amperes during a revolution 
of the commutator. It is obvious that no ctnnrautiiting pole adjiL^t- 
ment could, be suitable for a load on the brush varying over such wide 
b&its. 
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If a plot is made of the errors in the bar spacing and this is com¬ 
pared with the wave form of the currents in the german-silver 
strip, it will be found very difficult to determine the relation between 
the tv/o records, because the current in any particular brush-arm is 
a function of the current in all the other brush-arms of the same 
polarity. It will, however, be found that the fundamental frequency 
of the variations in the two records is the same, and that the current 
distribution curve repeats itself every time the commutator revolves. 



Flu. 311.- OHciilograin of lliu iJiroel curn^iit colioctcd by one brush-arm of a 10-pole 
synclironuiiB convortcr, whoMe commutator bars wert^ not evenly «|»a(5e(l. Tim9 
Hcaie 1 cm. --alKUit 0 005 sec. 


The right cure for this cause of bad commutation ih' of course to 
space the commutator bars correctly. Where this cannot be done, 
the sparking may be considerably decreased by narrowing the 
brushes so that tlujy do not short-circuit so many commutator bars, 
and by spacing them with great accuracy so that there are no small 
errors in brush spacing to be added to the errors in bar spacing. 
The use of a brush having a high contact re.sistancc may be necessary 
in order to make the commutation pa.ssable. 

Thickness of brushes. 

On the ideal machine, free from tooth ripples and from voltage 
variation due to coil spacing, a thick brush would give ea.sier commu¬ 
tation conditions than a thin brush, because the time taken to 
reverse the current would be greater and the voltage between bars 
under the brush would therefore be less. The total voltage imder 
the brush Would, however, be the same as for a thin brush. But 
the machines commonly met with are very far from being ideal; 
and the thicker the'brushes are, the greater is the magnitude-of the 
effects produced by tooth ripples and space variation of voltage. In 
fact, so much trouble caused by these factors is met with that it is 
pommonly found that a machine operates better with thin than with 
thick brushes, notwithstanding the fact that the ‘commutation 
E.M.F. is much greater than with thick brushes. 

No criticism should be made upon the thickness of the brushes 
^ bn any machine until all the troubles mentioned in Chapter IX. under 
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the heading of “ Collection ” have been eliminated and the other 
causes of sparking considered in this Chapter under the heading of 
“ Commutation ” have been fully investigated. After these things 
have been done, it may be found good policy, in order to miMimize 
the trouble arising from .sortie defect in tlie design, to change the 
thickness of the brushes. In doing so, ive niiist liave reganl to the 
current density, and not make it too higli, or we shall reduce the 
stability of the current distribution between brush-arms. Moreover, 
we muOT not increase the commutating voltage between bars to an 
abiuirmal extent. We have known cases lyhere defects in commuta¬ 
tion could not be economically remedied in any other way than by 
narrowing the brushes. The current deirsity and the commutating 
voltage have accordingly been worked up to (piite high values mui 
have yet given a pa.ssable result on test; but it has been found that 
with the errors in brush .spacing that occui'rcd after the machine 
had been put into service, a small thicknc.ss of brush was not in 
practice satisfactory, and that more fundamental changes, directed 
to cining the real cause of the trouble, wens necessary. In case it 
is thought advisable to narrow a brush, the best thickness can 
only be determined by having regard to the pitch of the com¬ 
mutator bars and to any error that may occur in the spacing 
of the bars. Assuming in the first place that all the bars are 
corrcctfy sjiaced, the object of the engineer in fixing the width 
of the brush wAiuld be to short-circuit the fewest })o.ssiblc number 
of armature coils, at the same time ki'cjiing the brush as wide 
as pos.sible. Suppose that he wishes to short-circuit not more 
than 3 bars : then if the bar sjiacing is perfectly uniform and he 
can rely upon perfect brush spacing, he may make the width of 
the brush just short of the pitidi of 3 bars. If t he brush were made 
a small amount wider than the jiitidi of 3 liars, it would at times 
short-circuit 4 bars : so that for a very small reduction in current 
density the commutating conditions may be made very much more 
difficult. On the other hand, a reduction of t he brush width to very 
much below the pitch of 3 bars does not give much advantage in 
commutating conditions until we aiTivc at a width equal to the pitch 
of 2 bars; and here the current density may be very much greater 
than w« care to adopt. 

Returning to the case of the brash that mbst not .short-circuit 
more than 3 bars, we must consider the po.ssible error that may 
arise in the spacing of the brushes. Suppose that thia is •05': then 
we must reduc'C the brush width to the pitch of 3 bars less ;06’. 
If, again,.th^spacing of the bars is not uniform and there is«an error 
of *05' in the spacing, a further reduction must lie made; ,so that 
tl^e greatest permissible brash width will be the pitch of 3 bars 
riunus O’!'. 
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Bevelling of brnshesr As & temporary measure for the purpose 
of experiment it is a good plan to bevel off the old brushes 
so as to make the surface in contact equal the new width 
that has been thought ■desirable. The machine may then be run 
under load conditions aiid the effect of the brush narrowing observed 
before new brush-holders and brushes are ordered. Sometimes it 
may be well to proceed step by step, making first quite a small 
■bevel and gradually increasing it until the be.st results are obtained. 
In doing this, great care mu.st l)e taken to see that the working facet 
of the brush is not disturbed in its contact with the commutator ^ 
otherwise the normal conditions of commutation will be disturbed. 
In bevelling brushes care must be taken to see that .the spacing 
between the contact surfaces on different brush-arms is perfect, and 
that the brushes are rocked to the correct position. 

In cases where the trouble does not arise from tooth ripples, space 
variation of voltage, or bad bar spacing, it may bo found advisable 
to widen the brush so as to reduce the current density and the 
voltage between bars. A wide brush rims mechanically more 
smoothly than a narrow brush. It will generally be found that 
D.C. turbo-generators, that have been well enough designed to avoid 
tooth ripples and the other enemies of wide brushes,, will operate 
much better with a wide brush. A coirsiderable amount of air 
damping takes place between a well-fitted wide brush and the 
polished surface of the commutator and this cjiuses an even pressure 
•on the commutator su(;h as cannot be so well obtained with a narrow ' 
brush. At the same time, there is a thin film of air between commu¬ 
tator and bmsh, which prevents the friction from being excessive. 

Procedure in investigating collection and commutation troubles. 

An inspection of the machine or our knowledge of the conditions 
may lead us to suspect a particular cause of the troul)le. In that 
case, it may be well to direct our attention to the cause suspected, 
to shorten the investigation. But in default of any such obvious 
short cut, the following systematic procedure may be adopted. 

Before .starting the machine, make a cunsory inspection of the 
brush gear; .see that on the whole the brushes are feeding well, and 
that the brush-arms are somewhat near the correct running position. 

Then run the machine on load and take a general view ..of the 
trouble complained of. Note whether the .sparking occurs on all 
the brush-arms, and the amount of sparking on each arm. If .some 
of the brush-arms show no sparking, we Mve evidence that it is 
hot the,“ collection ” that is mainly at fault. Probably the brush- 
asms are not correctly .spaced. 

Hock the brushes a little forward, and note the effect on the com¬ 
mutation. Take note e.^qiecially whether the sparking i? transferred 
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from one set of brush-arms to another. When this occurs, it is 
fairly strong evidence that the artn.s are not correctly spaced. 

Then rock the brushes back a little* way. This must be done 
with great caution, the ammeter being watched to .see that tho load 
does not increase too much or the nnwhine become un.stoble. If tho 
brushes are rocked'back too far, the machine may attempt to take 
all the load and either flash over or bring out the breakers. The 
rocking forward and backward will enable the expcrinicnter to 
determflte the position at which the commutation is at its best. 

. Jt .should be remembered that the mechanical disturbance of the 
brushes in their holders, or the tilting of the brush-arms, when tlio 
rocking geajis brought into play may have an effect upon the .spjirking, 
so that one must,bo careful to ascertain that the ap])ar(uit change jn 
the commutation is a permanent change due to the new position 
of the brushes on the potential curve, and not a mere accident due 
to the disturbance of the brushes. It is a good plan, when adjusting 
the brush-arms, always to finish off with a movement of the parts 
in the same direction : for instance, if the rocker ring is operated by 
meaiys of a screw, it may be found that tho bedding of the brushes 
is best if the screw has been turned clockwise. In that case the experi¬ 
menter should finish off every adjustment of brush position by turning 
the screw clockwise. Make a special note whether the brush-nxiker 
ring is firmly held or loose in its supports, and remedy any defect. 

Having rocked the brushes to the best position, take roughly the 
* voltage drop between commutator and bruslics : this may be tried- 
on several arms, and the values entered in a notebook, in wdiich at 
the same time should be recorded the polarity of these brush-arms. 
If the brush-drop is taken at several points along the brush (see 
page 330), the readings will, give .some indication whether the com¬ 
mutating poles are much out of adjustment; but one would not at 
this stage take up too much time in carefully taking brush-drop 
ciurves, because the arms may be badly .spaced. 

Next take the voltage drop in the metal of the brush-arms them¬ 
selves (see page 32U), to sec whether the current is divided equally 
between the arms. 

If the voltage drop between the brush and the commutator for 
a normally loaded brush-arm is higher than it should be, having 
regard,to the kind of brush employed, it is evidence that there is 
something wrong with the “ collection ” as distinguished from tho 
“ commutation.” 

The machi^ic should then be .stopped, and all the poffits mentioned 
on pages ^fft^to 318 should be clo.sely looked into, in order, to lind 
the cause of the high voltage drop. If the mica has not been undor- 
cu*t or has jiot been sufficiently well undercut, the high brush-drop 
nfey be due,to the mica’s projecting by a n\icroscopic amount above 
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the copper. Several oases have occurred witiin the author’s ex¬ 
perience in which one would ordinarily not have suspected high mica 
from an inspection of the CQmmutatos; but after the mica had been 
cut out the trouble was completely cured. In the same way, high 
and low bars the amount of whose projection or receding is so micro¬ 
scopic as to be invisible on inspection may cause the brush contact 
to have an abnormally high resistance. Where this is suspected, 
the commutator should be ground true. Where there is reason to 
suspect that the high brush-drop is due to chattering, we md.y adopt 
the temporary expedient of using a lubricant on the commutjfttor 
to minimize the chattering, and a.scertain whether for the time being 
the brysh-drop is lower. If it is established that chattering is the 
cause, a rearrangement of the brush gear may .be neces.sary, as 
discussed on pages 308 to 31G. 

After everything has been done to perfect the process of “ collec¬ 
tion ” of the current, we can proceed to investigate the causes of 
bad commutation. 

After the brush-arms have been correctly spaced (.see page 331), 
a measurement should be made of the voltage drop in the brush:anus 
when running on load ; and if tlie values at the various arms differ 
by more than 10 per cent, the cause of the discrepancy must bo 
looked for (see page 333). Sometimes a small deficiency in the 
current taken by an arm may be (jorrected by adjusting the pressure 
of the brushes. <» 

Where, after the brushes have been correctly spaced, the current ’ 
collected by one of tlie brush-arms is consistently less than the 
average current per brush-arm, the cause of trouble may be cither 
that the peak of the potential curve, Kig. 236, is distorted backwards 
or forwards by some dissymmetry in the arrangement of the parts, 
or that the peak of that curve is lower than it should be. In order 
to find out whether the peak of the potential curve is lower than it 
should be, the following plan may be adopted. An insulated brush. 
Fig. 291, is put into one of the carlion holders of the brush-arm in 
question (which we shall call brush-arm A), and another insulated 
brush is put into another brush-arm (71) of the same polarity. The 
second brush is then rocked to a point which measurement has 
shown to be at or near the peak of the potential curve. A voltmeter 
is connected between the two insulated brushes. If the twoscurves 
are of the same height, and if neither of them is di.storted to the right 
or the left, there will be no reading on the voltmeter. If the deflec¬ 
tion shows tfiat the potential curve at B is higher than that at A, 
rock both brushes .slightly forwards over a distance riot exceeding 
10 per cent, of the pole pitch, observing at the same time the 
reading of the voltmeter. If at any point the voltmeter reverses 
(0 as to indicate that the potential at A is higher than af B, we haVe 



OTHER DEFECTS IN COMMUTATION 367 

evidence that the potential curve is distorted; and a number of 
ridings on the voltmeter will enable us to plot the difference between 
the ordinate of the A curve and that pf the B curve. The brush 
holders should then be rocked backwards , over a similar difjtance 
and a plot should be made of the difference of potential. If these 
readings show that the A potential loop is not lower than the B loop 
on the whole, but that its maximum occurs at a diiferent point, we 
must look for some dissymmetry in the field system, such as the bad 
spacin^of pole pieces or unequal excitation of the commutating pole. 
Jt is well at this stage to make an examination of the commutating 
pole winding, in order to be sure that all commutating poles are of 
the rt)rrect^polarity, and that the number of ampere-turns per pole 
is the same. If it should appear that aiiy of thc.se matters are not 
in order, they should be remedied. If, however, it is fmmd that the 
peak of the potential curve at A is con.sistently lower than the pcwk 
of the curve at B, we have evidence that either one or both of the 
poles adjacent to A is w'caker than it should be. Lap-wound arma¬ 
tures are generally provided wdth cross-connections between pointa 
of equal potential; so that small causes of difference in the .strength 
of the pole do not show themselves on the potential curve, becau.se 
their effect i.s wiped out by the equalizing current. Where, however, 
there is any very great cau.se of wcakne.ss, such as the complete short- 
circuitihg or reversal of one of the shunt coils, or the reversal of a 
.serie.s coil, the .equalizing current in the armature will not be able 
* to bring up the loop of the potential curve to its normal height; and 
the prc.sence of a short-circuit or a reversal of the field will be indicated 
by a test such as described above, it is a simple matter to find out 
whether the exciting coils are in order, and to see that the air-gap 
is the .same under all the poles. The pre.sence of bad blow-hole in 
the yoke may be detected by means of the magneto-potentiometer 
(.see p. 192). On wave-wound armatures the wcakne.ss of one pole ’ 
does not bring about an inequality in the height of the loops of the 
potential curve. It has the effect of lowering the voltage of the 
whole machine. 

After we have made all adju.stments to secure an equal distri¬ 
bution of current between the brush-arms, say within 10 per cent, 
we may proceed to adjust the strength of the commutating poles. 
For t^s purpose we take as a general guide our knowledge of the 
connection between the bru.sh-drop curve and the rate of change of 
current, as explained on pages 338 to 341. In Figs. 292 to 297 the 
curves have b^en taken perfectly straight for the sak/of simplicity; 
but very often brush-drop curves show considerable cqrvalure'. 
Where a brush-drop characteristic has a hump in the middle,, it 
indicates that the rate of change of current in the coil is greatest 
sfe the coil passes the middle of the brush this does not commonly • 
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lead to commutation tioublc. Where, however, there is a declivity 
in the brush-drop characteristic, wff may have difficulty in adjusting 
the commutating pole so as^to bring down the value of the voltage- 
drop at the toe of the brush; This kind of characteristic is obtained 
when the commutating pole is too narrcw. It is as well to take the 
brush-drop characteristic on several positive and several negative 
brush-arms, and to compare them; if there are wide differences in 
the shapes of the characteristics, the cause of the difference must 
be investigated by taking the potential curve under each commutating 
pole, as ((escribed on page 282. It not uncommonly happens, on. 
machines that arc giving commutation trouble, that very bad spark¬ 
ing is apparent after the commutating poles have been adjusted so 
as to give wnat appears t(5 be the best possible characteristic. In 
these cases, the brush-drop should be measured on a D.C. voltmeter 
and on a low-reading A.O. voltmeter. The difference between the 
squares of the readings gives the square of the value of the alter¬ 
nating voltage superimpo.scd upon the D.C. voltage, see page 286. 
This gives us a measure of the effects mentioned on pages 352 to 300. 
In order further to investigate these effects, oscillograph records 
of the brush-drops at various positions along the brashes will be 
necessary. Where the alternating effect is clue to a tooth ripple, 
the effect can be minimized by bevelling or skewing tlie pole tips, 
by shifting tdternate poles circumferentially through a (Kstance 
equal to half a slot pitch, or by covering the commutating pole 
shoe with a thick copper damper. Where the alternating effect is 
due to the grouping of too many coils in one slot, the effect can be 
minimized by half-ste])ping the coil, as described on page 342. 
This coimso involves the rc(;(tnstruction of the armature. The bad 
effects arising from the lluctuittmg vajuo of the brush-drop may 
be minimized by choosing a brush of the best width, as indicated 
' on page 363. • 

Where the caret id adjustment of the commutating poles fails to 
cori'ect the sjiarking trouble, the .spacing of the bars around the 
commutator sliould be checked, as indicated on page 360. If it is 
susjjccted that the trouble arises from the bad sp.acing of the bars, 
we may corroborate our suspicions by placing strips of german-silver 
between the brush-holder arms and the bus-rings, as indicated on 
page 329, and measuring the drop in these .strips on a D.C..milli- 
voltmeter and on an A.O. millivoltmcter.* If an oscillograph is 
available, further corroboration of the disturbing effect of the bar- 
spachig upon the distribution of current between brush-arms will 
be fbrthcoming (sec Fig. 311). ' 

^ Tho Oaiiibrklgo anti Paul (Scientific TiiAtrument Cuinpany make an A.C. miUivoltmeter 
that hi very suitable for this purjiuse. 




CHAPTER XI. 

DIRECT-CURRENT MOTORS. 

SHUNT MOTORS. 

Speed regulation. 

When a shunt-wound D.C. armature i.s running as a motor, (or 
a given polarity of the poles, it runs in the same direction as if it 
were a generator supplying power to the hus-hars. The e.m.k. 
generated by the armature is in the, same direction as if it. were a 
generator, but is smaller than the bus-bar voltage, instead of being 
greater. The current therefore flows against the generated k.m.k. 
and yields a torque in the direction of rotation: whereas if the 
machine were ruaning as a generator the <\irrent would be in the 
direction of the generated e.m.f., and the torque would be against 
the direction of rotation. 

The various effects considered under the he.adings of («), (6), (c), 
(d) and (e) on page 248 come into play on a !).('. mot.or and influences 
the speed at which it runs. , 

(а) Armature resistance. As the current flows .against the direc¬ 
tion of the generated e.m.f., the IK drop in the armature must be 
subtracted from the bus-bar voltage; so t hat the effect of the resist¬ 
ance is to cause a drop in speed as the load inc.rea.ses. 

(б) Oross-magnetization and saturation of the teeth under the' 
leading horn. On a motor, the field is distorted against the direction 
of rotation and produces saturation of the teeth under the leading 
horn, whifh has the effect of decreasing the total flux per pole, as 
describe^ on page 250. The reduction of the flux per jjole makes 
it necessary for the motor to run at a higher speed in order to generate 
sufficient back e.m.f. ; thus the effect of the saturation ^f the teeth 
is to give a tendency for the speed to rise as the load comes on. it 
will be seen from the curvature of curve (6), Fig. 235, that the tboth- 
saturation effect is very much more pronounced at higher loads. 
It therefore comes about that when (o) and (b) are operating together 
a snl’all increase of load will sometimes cause « small diminution in 
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speed (owing to (a))and as the load increases and the effect (6) 
predominates, a further increase in the load causes the speed to rise 
again. A very great increase of load may so weaken the field as to 
cause excessive current and bring out the circuit-breakers. 

(c) Rocking of brushes. The effect of rocking the brushes on a 
D.C. motor is exactly the reverse of the effect on»a generator. If the 
brushes are rocked forwards, the field is strengthened and the speed 
reduced ; if the brushes are rocked backwards, the field is weakened 
and the speed increased. Curves c and c' in Fig. 23.5 represent 
quantitatively the effect that may be expected on the D.C. machine 
particulars of which are given on page 250. The rocking of the 
brushes is one of the most useful methods wq have of controlling the 
stability of a shunt-wound motor. If owing to armature resistance 
the speed of the motor falls unduly as the load comes on, we may, 
by rocking the brushes a little backwards, improve the speed regula¬ 
tion. On most commercial motors, however, it will be found that the 
effect (h) out-balances the effect (a) on full load, and that it is neces¬ 
sary to rock the brushes a little forwards in order to keep up the 
strength of the field at heavy load. 

(d) Effect of commutating poles. Where the brushes are bn the 
neutral (see page 279) and the commutating pole is adjusted for 
symmetrical cr)mmutation, the commutating flux neither weakens 
nor strengthens the effective flux per pole. On a motor, the polarity 
of the commutating pole is opposed to the polarity„of the main pole 
immediately ahead of it—that is to say, if we consider a conductor* 
passing under a South commutating pole on a D.C. motor, the next 
main pole under whieh it will pass will be a North pole. It therefore 
follows that if we rock the brushes forwards the effect is to add some 
of the coramutating-polc flux to the niain-pole flux; and this will 
tend to give a decrease of speed on an increase of load. If, on the 
other hand, the brushes are rocked backwards, the commutating- 

f )ole flux is subtracted from the main-pole flux, and an increase of 
oud tends to bring about an increase of speed. In this respect 
.(c) and (d) operate in the same sense. 

(c) Effect of eddy-currents in. the coils under commutation. 
When a commutating coil is over-excited, so as to'bring about a 
reversal of the current before the <'oil under commutation reaches 
the neutral point; the effect is the .same as if the brushes had been 
rocked backwards—that is to say, an increase of load tends'to bring 
about an increase of speed. When the commutating poles are under¬ 
excited, so ffnat the reversal of the current occurs af^er the coil under 
commutation has passed the neutral point, the effect? is the same as 
•if the brushes had been rocked fonvards—that is to say,'an increase 
of load tends to cause a decrease of speed. The iron of the commu¬ 
tating pole will in some motors be saturated at heavy (oads; so'that 
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a motor that has its brushes on the neutral anti its coininutating pole 
over-excited at light loads has a tendency to keep its sjwed up during 
the first increase of the load. As the Ipad increases and the pole 
saturates, the motor becomes more and mere stable, and temls to 
drop in s{»ed at heavy loads. This ellect of the saturation of the 
commutating pole may be made to counteract to a certain extent 
the effect (6). The rocking of the brushes backwards and the over¬ 
excitation of the commutating poles can be made to neutralize the 
effect (a^at light loads; but it is not ordinarilv possilde on a commer¬ 
cial design to completely neutralize the effeci {!>) by this method, 

Instability of motors. 

The influence^ affecting the stability of a D.C. shunt motor are 
those considered imder the last heading. Where the mechanii-al 
conditions are .such that the motor can change its speed, it will run 
at such a speeu as will enable it to generate such a liack k.m.k. as, 
when subtracted from the available voltage of snp])ly, will give a 
difference just sufficient to drive the load current through the 
armature. The motor thus becomes automatically stable through 
changing its speed to suit the resultant field e.xcitation ; the resultant 
field ex(!itation depending upon the sum of all the effects (h), (c), (d) 
and (e) considered above and on page -its. If the sum of the effects 
is such its to reduce the field excitation to a low value, the load may 
ri.se to an abnoryial amount, especially when the nature of the load 
•is .such (for instance, where tlie motor is driving a fan or a centrifugal 
pump) as to call for a very great increase of power when t he speed is 
increased. 

In investigating the cause of insfability, we must have the 
effects (b), (c), (d) and (e) in yiew and emieavour to determine which 
of them is mainly responsible for the im rea.si* in the speed of t h(! motor 
on load. The best jtrocedure is to find the no-loatl neidral (page i27i)); 
roiik the brushes forward of this jioint so as to entirely eliminate (c) 
and (d ); and divert the current from the commutating |)oh! to such 
an extent as to make certain that the (‘Ifect (c) is not ojierative. If 
then the motor gains speed on load, tin; voltage in the bus-bars 
remaining constant, we may safely attribute the rise in 8))(!cd to the 
effect (6)^. Where the motor drives a synchronous generator or in 
any otl^er way is constrained to run at a constartt .sjieed, the effect 
of weakening the field is to increase the armature current, and this 
may in turn cause a still greater weakening of the field (see page 412). 

The effect (6) can be minimized by increasing the Hr-gap umjer 
the pole, or—better still—by tilting the pole as shown in Fig, 242; 
but m the case of a motor the increased air-gap must come under the 
leading hom, instead of imder the trailing horn as in a generator. 
Th^ effect (fit can also be partly compensated for by rocking the 
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brushes forwards and by providing a commutating pole which 
saturates at full load and which at light loads is over-excited. It 
will be found, however, that on a machine with a very strong armature 
reaction and comparative’ly weak held-magnets it is practically 
impossible to maintain stability at heavy loads without the addition 
of a series winding. A method of improving the stability by means 
of a special exciter is de.scribed on page 413. 

Shunt motors in parallel. Where several shunt-motors are 
running in parallel from the same mains, their stability* greatly 
depends upon the mechanical conditions. If these are such that w 
motors can change their speed independently, then up to th6 limit 
of ex('essive loading considered in the last paragraph the motors Hfecome 
jMitomatically.stable. If, however, the conditions,are such that the 
motors cannot change their speed independently, as where they are 
itiounted on the same shaft or are driving synchronous generators, 
they will be unstable for all conditions of load in which the effects 
tending to weaken the back k.m.f. are greater than those tending to 
increase the back e.m.f. with load. The case of a D.C. motor driving 
a synchronous generator is dealt with on page 412 ; and what is said 
there is generally applicable to all D.C. motors running in parallel on 
the same l)us-bars and constrained to run at exactly the same speed. 

Hunting of shunt motor. It is .sometimes found that when a 
motor is running on very weak excitation (for instance, when a 
variable-speed motor is running at its highest speed), the speed will 
not keep steady, Init changes antomatically, being finst too high and* 
then too low, through a cyde occupying .several .seconds. This 
action may be explained as follows: Owing to effects (6), (c), (d) or 
(c) (page 24S), or to all four combined, the motor is unstable under 
t.he light field e.xcitation, and accelerates. I’art of the torque exerted 
by the armature is expended on acceleration, until a .speed is reached 
at which the back e.m.f. becomes almost equal to the bus-bar voltage, 
and the current begins to decrease. The decrease in the current 
reduces effects (6), (c), (</) and (c), so that t he field is strengthened. 
The inertia gained liy the motor keeps it running at a speed suffi¬ 
ciently great, with the increased field strength, to generate a back 
E.M.F. that cuts down the armature (uirrent to a small value. The 
latter olfect. only lasts so long as the speed of the motor is kept up 
by its inertia. Aii the speed falls, the armature eurrent increases; 
and, (h), (c), ((/) and (c) coming into operation again, instability again 
sets in, and the motor begins to race. 

, If the hunting is mainly due to (c) and (d), it can be cured by 
rocking the brushes forward; if it is due to (e), the" commutating 
J)oles should l>e diverted. When the effect is due to (b), it may be 
impo.ssible to cure it for weak excitation of the field magnet without 
structural alterations to the motor. t 
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The addition of a series winding, connected so as to co-operate 
with the shunt-winding and*strengthen the field when load comes 
on, will always give greater stability to a motor. The effect is gener¬ 
ally to cause a considerable drop in sj)ee(l with load, and this may 
be an undesirable feature in some ca.ses. If the series winding is 
not ver^ strong, it may serve to give a slightly greater stability up 
to full load; but for very heavy loads the effect, (h) (page 24S) may 
become so pronounced that the speed may tend to rise notwith- 
standfng thf series winding. Instability may then set in and tlie 
armature current go on increasing until the circuit-breakerscome 
out. The cure is to increase the strength of the .series winding to 
such a point that for any prescribed load it is sufUcient to countiiraet 
the (ft) effect. 

Compound-wound motors are sometimes laiilt in which I lie senes 
ampere-turns per pole at full load are in excess of the shunt, ampere- 
turns Such motors have a speed characteristic resembling that, 
of a series motor, and are suitable for cranes, haulage, and ot her work 
rerpiiring a great starting t orque. The shunt winding keeps t he motor 
from running aw'ay w'hen the load is taken off. If by accident, a 
motor ot this kind has had its small shunt winding connected in the 
wrong w^ay, the mistake may jiass unnotiixal at starting or at heavy 
‘loads, because when the armature current is great it will overpower 
the shunt winding; but at lighter loads the motor will tend to run 
away. A good way to check the connections is to take the jiolarity 
of one of the poles with the shunt ("Xcitation only, and then agairi 
when a heavy current is piu>sing in the armature. In the ca.se of 
completely enclosed crane motors it is dillicult to get at. the internal 
poles. There is, however, sufficient, drop of magnetic potential m 
the frame to make a slight field outside the motor, aiid the reversal 
of this field can be oliserved by means of a compass needle jilaced 
midway between the backs of two poles. 


DIFKKKKNTfALLy-WOUND MOTORS. 

• 

A nfotor is sometimes provided wit li a weak .scries winding, wlih h 
acts in opposition to the shunt winding, for the jnirpose of keeping 
up the speed of the motor as load comes on. Such nwitora tend to 
become very unstable at heavy loads. This is due to the incrcas^of 
the (ft) effect described on page 248. The field gets weaker and weaker 
with increase of load, and the armature current gets greater and 
greater, unlit the circuit-breaker comes out. A differentially-, 
wound motor will never work well on heavy loads unless the armature 
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ampere-turns are low as compared wilh the field ampere-turns. A 
motor that tends to become unstable can be improved by tilting 
the poles, as shown in Fig; 242, the large air-gap being put on the 
leading side. This is ‘only applicable to motors running in one 
direction. _ , • 

Instead of providing a reversed series winding to make a motor 
keep up its speed on load, it is a mucli better plan to provide rather 
wide brushes and lit the motor with commutating poles whqse cross- 
section i? somewhat scanty, so that they saturate at heavy loads. 
If the eommutating poles are excited so as to be rather too strong 
at any prescril)ed loatl at which it is desired to maintain the^peed, 
the eddy-currents in the brushes can be made to weal&n the field- 
niagnct just enough to keep up the full speed at th'e prescribed load. 
At heavy loads the (iommutating poles will become saturated, so that 
the demagnetizing effect does not increase in proportion to the load, 
and the motor tliiis becomes much more stable than an ordinary 
differentially-wound motor. 


SR IlIKS-WOUND MOTORS. 

Series-ymind motors have a speed characteristic that drops 
quickly as the loud comes on. They are mainly used for work in 
which the speed can be under the control of an operator, wJio by means* 
of a controller switches in more or less resistance to get what speed 
he wants. For this reason there is very seldom any complaint about 
any defect in the speed characteristic. Nevertheless a .series motor 
may be a great defavdter in the matter of its speed control. If the 
frame is made of bad magnetic, material and saturates at a much 
lower flux-density than was intended in the design, the motor will 
run at a higher speed than was intended for a given load ; and in order 
to keep down the speed the attendant will always have more resist¬ 
ance in (dreuit than would be necessary with a motor not so highly 
saturated. T'his is a serious defect, because it causes more current 
to be drawn from the line than is necessary to do the work, and may 
very much increase the annual bill for electric power. 

Before a series motor is installed, very great care should bo taken 
to ascertain the speed at which it is desired to run it when tdking its 
average load. The motor should then be designed for that speed, 
and a test shuuld be made to see that the speed is right at the average 
load when there is no resistance in circuit. Where sufficient care is 
pot taken, a motor may be wasting power for years, though the 
attendant never notices that there is anything wwong. . 

Another defect that may pass unnoticed, unless special attenvon 
is given to it, is the short-circuiting of part of a field-coil. When the 
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wire of a series field-coil is insulated with cotton covering, it some¬ 
times happens that the insulation becomes dry and brittle, and shakes 
off the wire, so that part of a coil becomes shortKtircuited. The only 
effect is to increase the speed of the motor for a given load; and as 
the attendant can bring the‘speed to what he likes on the controller, 
he fails to report aiiy defect until the short-circuit of the coil becomes 
very much more severe. 



CHAPTER XII. 

SO.MK DEFIiCTS IN SYNCIIUONOUS CONVERTBSS. 

starting. 

On A.C. side from taps on transformer. This method is very 
convenient, and is specially suitable for converters of small capacity. 
It saves the expense of a starling motor, and no synchronizing is 
required. For small converters tij) to (say) 100 kilowatts, having 
as much as 10 per cent, reactive drop in the transformer, one ta.pping 
will generally be sulticient, and this may be arranged to give about 
one-third normal voltage. For larger converters, two, tappings are 
more commonly used, one at one-quarter .normal voltage and the 
second at two-thirds normal voltage. 

Several troubles may arise in (;onuection with'this method of 
starting, if only one tap is used and the voltage is arranged for 
one-third normal, so as to keep down the current drawn from the 
line on starting, t hen while the converter is running on the one-third 
tap the back k.m.k. is oidy one-third ; and when the swit(ii is thrown 
over to full voltage, we have; an unbalanced pressure c(pral to two- 
thirds normal, which drives a rather great current through the con¬ 
verter during the short time required for the field to build up to full 
value. 'I'his may cause a momentary drop in the voltage of the 
system if its capacity is not great compared with the capacity of the 
converter. We may mitigate this trouble either by providing a 
second tap on the transformer (say at two-thirds voltage), or by pro¬ 
viding choke-coils in scries between t he transformer and the converter, 
these coils being cut^ out after the e.xcitation of the converter has been 
brought to fvdl value. < 

When choke-coils are provided, it is better to luive them in 
series with the higher-voltage taps rather than with the lower- 
voltage taps.'* The effect of the choke-coils is to limit the current 
drawn from the line, and if placed in series with the lowest starting 
tap they will limit the starting torque. It is better policy to choose 
the lowest tapping voltage that will give the requisite starting torqpe, 
rather than to put in a. choke-coil, because by doing se we get the 
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full advantage of the better ratio of transformation between primary 
and secondary, and can thus draw a fairly large current on the low- 
tension side and a reasonable current on’the high-tension side. 

Another trouble arises in connection '.vith tlie polarity‘of the 
converter when started up In this way. The converter starts as an 
induction motor, the dampers on the poles a(‘ting as a scjuirrel-cage. 
Some makers arrange a system of switches for opening tlie lield-cinmit 
at a number of points, so as to prevent tlie generation of too liigh a 
voltagfi by the transformer effect between the armature and the 
fielfl-system. Other makers recommend the short-circuiving of the 
field-system during the first period of starting, t)ne drawliack to tlie 
latter planis that the short-circuited field coils cause rather greater 
current to flow through the armature without giving a corresponding 
greater torque. ' 

After the converter has almost come uji to .sjieed, so that the slip 
is very small, the shunt coils are connected to the terminals of the 
armature and are e.xcited from the voltage on the commutator as it 
slowly changes from positive to negative. .As soon as the slip is 
sma'l enoiigli to give either a positive or a lu'gative e.xcitation for 
a long enough period to enable the .synchronizing torque to pull up 
the speed to full value, the machine, comes into .synchronism. It is 
thus a matter of chance, whether any jiarticular terminal of the 
converter will have positive or negative polarity. It is fotind in 
liractice, howwer, that whi're the re.sidual magnetism of the licld- 
.systeni is fairly great, the chances are. on the whole in favour of the 
machine's coming in on the right jiolarity. When the ))olarity is 
wrong, tlu^ liest way of changing it is for the operator to open the 
field-circuit and allow t he convertor to slip one pole. For this purpose 
he keeps his eye on the II.C. voltmeter. If will be found that as 
soon as the, field-circuit is opened the voltage begins to fall to zero, 
and then begins to Imild up in the opposite direction. The ficld- 
.switch .should then be (piickly clo.sed, and it. will be found that the 
converter has just slipped one jiole, and that the polarity is now 
right. 

To obtain the be.st .starting tonpie with the smallest current 
taken from the line, the dampers on the pole should contain consider¬ 
able rosi.stance. The dam|)er that is best for starting is not best 
for sjinchronoiis running on an unsteady frequency. In cases where 
the frequency is so uniform that no trouble is anticipated in the 
parallel running (as where the prime movers in the station are steam 
turbines), the dampers on the poles may be made of fairly Jiigb 
resistance, bra,S8 l)ars being used instead of copper bars; ai*l a very 
good torque will be obtained with a comparatively small starting 
current. Where, however, the conditions are such that the dampers 
fiiust be of very low resistance (see page 4tt4), it will not be possibJfe 
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to obtain a good startihg torque ^thout a heavy starting current. 
Sometimes ball bearings are used on converters, in order to make 
the starting current as small as possible; bat these bearings are not 
recommended for large ^converters, unless they can be completely 
insulated from the pedestals (see page lS3). 

Self-synchronizing with starting motor and reactance. In order 
to keep down the starting current in large rotary converters, a small 
induction motor may be employed to bring up the machine to speed. 
The full voltage can then be thrown upon the slip-rings through choke- 
coils of vciy high reactance. As the starting motor is supplying-ther 
main drivingtorque, only a very small current need flow through the 
choke-coil in order to bring the converter into synchronism. The 
choke-coil gives the right phase to the synchronizing current, because 
it makes the pliase position 90° behind the resulting e.m.f. (Fig. 104). 
For this purpose quite small and inexpensive choke-coils may be 
used, the coils being switched out of circuit as soon as the converter 
comes into step. The procedure is first of all to switch on the starting 
motor, and to close the starting switch, throwing the voltage on to 
the rings through the choke-coils. It will then be observed that the 
polarity on the commutator slowly pulsates. If now the field-switch 
IS closed as the polarity comes up on a slow positive pulsation, the 
converter (»mes into step with the right polarity. Dr. E. Ro?ienberg 
proposed using the windings of the starting motor as choke-coils; 
and by the suitable design of the induction motor !l very effective 
system of self-syiuhronizing was developed by the British Westing- 
house Compajty. On this system, the (X)llector rings are connected 
to the transformers through the stator windings of the induction 
motor, and as the converter comes up to speed these w'indings limit 
the synchronizing current; so that it is only necessary to choose the 
right instant for exciting the field-system in order to get the converter 
into synchronism with the right polarity. 

The main troubles that arise in connection with this system are 
matters of design. 'I'he starting niotor is made with one pair of poles 
less than the converter, and it is necessary to adjust the slip so as to 
give synchronous spceil or nearly .synchronous speed, with full voltage 
on the starting motor and normal excitation. While a certain 
amount of adjustment is permi8sil)lc on the field-rheostat, it is some¬ 
times found nece.ssary to change the number of turns in thestator 
winding, in order to give the right turning moment at synchronous 
speed (sec page 379 as to causes of excessive turning moment at 
lynehronous speed). * . 

S 3 mchronizing with starting' motor and synchroscope. Some 
srijgineers still prefer the old-fashioned juethod of starting a converter 
jy means of an induction motor and a synchroscope.' In cas^a 
ivhere the frequency and voltage on the bus-bars ard reasonably 
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steady, this method is quite satisfactory as any other. Where 
the induction motor is made with one pair of poles less than the 
converter, the resistance of the squirrel-cage is adjusted so !is to give 
approximately the right sped of tlie conwrter mth full voltage on 
the induction motor. As if. is not necessary to linve the voltage on 
the slip-rings exactly the same as the voltage of the l)us-bars before 
the A.C. switches are closed, the speed may be adjusted on the field- 
rheost|t. An increase of the field-current increases the iron loss, 
and thus causes a greater slip on tlie induction motor. 

•Sometimes it is found that the rotary cannot be brouglit up to 
synchronism without reducing the excitation to a lower point than 
is advisable. The following are some of the causes tliat lead to this 
trouble: • . 

(а) The brushes may have been rocked too far forward or too 
far backward, so as to cause very heavy eddy-current losses in them 
and the short-circuited coils. The cure is, of course, to rock the 
brushes to the neutral. 

(б) The no-load losses on the converter are too high, owing to 
any of the causes that arc mentioned in Chapter Ml., under the 
heading of Low Efficiency. The losses should be separated and any 
defects producing them remedied. 

(ch The starting motor may be running from a lower tap on the 
transformer than was intended, or there may be some defect in the 
, connection of the stator. 

(d) The resistance of the rotor circuit may be too high. Some¬ 
times bad connections have occurred between the bars and the 
end-rings of a squirrel-cage rotor, caosing the slip (o be too great, 
^ome makers design the eiKl-rings of the squirrel-cage rotor so that its 
resistance can be adjusted by making saw-caif.s. This adjustment 
should be made before the machine, leaves the works. • 

Starting from D.C. bus-bars. A rotary converter may be started 
up in the same manner as a D.C. motor, the starting resistance being 
put in circuit at first and gradually cut out iis the converter comes 
up to speed. This method is suital)le when D.C. power is alwbys 
available on the bus-bars; or, where many converters are 
running in the same sub-station, one or two of them may be 
designed to start on the A.C. side and the others on the D.C. side. 
The speed of the converter is adjusted by means of the field-rheostat. 
The synchronizing may be done cither on the low-tension side or on 
the high-tension side of the transformer. In the ci^pe of large con¬ 
verters, synchronizing on the high-tension side is preferable, because 
it avoids the use of large low'-tension switches. * 

It may be that at the moment of synchronism the virtual value 
fii the A.C. voltage of the rotary transformer is not the same as the 
A.C. voltage of the mains. If the A.C. switcfi were closed with the D.C. 
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circuit already made, f?he converter would immediately take load, 
the amount of which would depend upon the difference between the 
two voltages at the A.C. switches and upon the regulating quality 
of tho converter. Under certain conditions this load might be 
e.TCessive. It is therefore usual, when starting a converter on the 
D.C. side, to open the D.C. circuit-breaker immediately before 
closing the A.C. switches. Where the D.C. circuit-breaker is equipped 
with a trip coil, it is easy to arrange for the handle that closes the 
A.C. switch to make a coutfict that brings out the D.C. breaker just 
an instant'before the A.C. switch closes. • • 

At times when the frequency is very unsteady (as for instance 
after a general .shut-down of the system, whoJi the machines are just 
starting up again), there may bo some difficulty in choosing the right 
instant for throwing a synchronous machine on to the bus-bars. For 
this reason, in all cases where it may be necessary to synchronise 
converters under very unsteady conditions, the plan of throwing the 
converter on to the ))ars through choke-coils is to be preferred, 
because the choke coils will |)revent a heavy rush of current even if 
the switch is closed at exactly the wrong instant, and the synchron 
izing current that flows will [lull the machine into step. 

Voltage unsteady. 

Sometimes rotary converters are run from A.C. mains on which 
the voltage is very unsteady owing to intermittent' load or other 
cause. Any unstoidiness iiv the .\.C. voltage will in general be 
reflected in the D.t\ voltage. One cjmnot expect to get a steady D.C. 
supply under t lie.se conditions. If it is impossilde to steady the A.C. 
voltage by installing a 'I’irrill or other regulator in (•onncction with the 
A.C. generators, it will be possible to improve the conditions on the 
,D.C. side of the (onverters by installing an A.C. booster between the 
converter and the transformer; this booster may have its field 
winding fed from an exciter adjusted by a Tirrill regulator that is 
under the. control of the D.C. voltage. When the D.C. voltage falls, 
the Tirrill regulator increases the field excitation ; and when the D.C. 
voltage rises the field excitation of the booster is decrca.ied. 

An unsteady D.C. voltage on the bus-bars of a shunt-wound 
converter may also arise from an intermittent load on the D.C. side, 
especially if the reactive drop in the trausfonner is excessive.» The 
simplest cure is to put a series winding on the converter so as to level- 
compound it or. slightly over-compound it. 

Adjustment of D.C. voltage on rotary converters. 

The methods that are employed for adjusting the D.C. voltage 
of rotary converters fall into two classes: (I.) those in \vhich tba 
A.C. voltage fed to the converter is adjusted; and (If.) those in 
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which the A.C. voltage fed to the convert^ remains constant and 
the D.C. voltage is adjusted independently. 

Under Class I. fall five distinct metjiods. 

(a) The A.C. voltage fed to the converter can be adjustetl by 
changing the excitation of the A.C. generator supplying the con¬ 
verter. This can be done when the A.C. generator supplies nothing 
but the converter load, and when it is desired to cliunge at the same 
time the voltage of all the converters connected to the generator: 
for inslance, where turbo-generators and converters are put down 
for. supplying direct current, it may be for electrolytic work. He»e 
a very wide range of voltage variation may be obtained. 

(b) Th^ A.C. voltage fed to the converter can be adju8te<l by 
means of taps >011 the transformer. These taps may be either, on 
the high-tension side or on the low-tension side. In the case of large 
transformers, they are usually put on the high-tension side, because, 
the voltage per turn on the low-tension side is too high a ])ercentagc 
of the whole voltage. 

'I’he main trouble in this method lies in changing the connections 
from one tap to another when o!i load. Unless some special device 
is employed, we have a sudden jump in voltage as we pa,ss from one 
tap to the next. Moreover, it is neceasary to connect the ne.xt ta.p 
before disconnecting the last, and this will caiise a short-circuit, in 
the part of the transformer lying between tlu^ taps, unless a ‘ preven¬ 
tive ’ resistance or some other equivahuit device is giuployed. 
Modern designs of controllers for connecting t wo successive taj)s and 
for the prevention of sparking have made this method more accept¬ 
able than in the past. One way of sto])ping sparking at the con¬ 
troller is to (unploy a small booster <ir induction ic'gulator, and grad¬ 
ually boost the pressure deuived from one tap until it. reaches the same 
value as that of the next tap above. Tlu' connection can then be» 
made without danger of short-circuiting, and it is possible to pass 
from tap to taj) with a gradually increasing or decreasing voltage. 
Kor large installations, where the expense of .such an arrangement, is 
justified, the high ciliciency of this method of changing the voltftgc 
has much to recommend it. It is po.ssible to arrange the mechanism 
so that the whole range of voltage is obtained automaticallv i>y the 
mere turning of a handle. » 

Allied to the method of taps is the method fmiiloying a boosting 
transformer in series with the main transformer. This laxisting 
transformer may have taps brought tmt Irom its primary, and these 
may be used-in conjunction with a few taps brouglft out frorq tlje 
main transformer, so as to give a very wide voltage range with 
exceedingly small steps.* * 


•HeeJourn. I.K.K., vul. .W, pp. nncl 259. 
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(c) A third way of phan^g the A.b. voltage applied to a con 
verter is by means of an inductioni'regulator. This is built like ai 
induction motor, with a rotor fixed to a shaft that can be slowlj 
tumec^ by means of a p'onii wheel, so as to change the angulai 
position of the secondary coils with respect to the primary coils. 
An induction regulator makes it possible for the voltage to be changed 
by ipSniteJy small gradations, and eliminates all the difficulty of 
sparking on contacts. It is, however, more expensive than the tap 
method, and not quite as efficient, because there are both iron and 
copper losses in the induction regulator. Moreover, the induction, 
regulator is usually cooled by means of a fan driven by a small mofor. 
The induction regulator is subject to many of the same troubles as 
an ordinary induction motor. The magnetizing current may be too 
great, owing to high reluctance in the magnetic circuit, or owing to 
misconnection of the windings. The windings on this kind of 
machine are often extremely complicated, and must be carried out 
strictly to diagram, which .should be carefully checked liy the designer, 
especially with regard to the polarity of ends of coils that are to be 
connected in parallel. All cases of trouble on induction regulators 
that have come within the experience of the author have arisen from 
misconnections in the primary or secondary windings. 

(d) A fourth way of changing the voltage is by mearis of an A.C. 
booster mounted on the shaft of the converter. This is usually of 
the rotating-armature type, and is placed between the slip-rings and 
the armature of the converter. The stationary field-magnet may 
be mounted on the frame of the converter so that it can be rocked 
to any de.sired position with respect to the poles of the converter, or 
it may be permanently fixed. It is important that the poles of the 
booster shall have the right position* in^this respect, in order that 
the machine shall give its maxinuim boosting efl’ect. 

Where an A.O. booster fails to yield its full boosting effect though 
fully excited, the trouble may be due to the fact that the field-frame 
is rocked to the wrong position. In cases when the frame is mounted 
in a manner that permits it to be rocked, the matter is easily remedied 
by moving it step by step and finding the point of maximum boost. 
It will be found that the point of maximum boost at nd load is not 
the same as the point of maximum boost at full load. 'I'he maximum 
position is dependent somewhat on the power factor of the A.O. load. 

In cases where the generated e.m.f. is greater than is required in 
service, we may rock the frame through an angle, so that the com- 

f onent of the booster voltage at right angles to the bus-bar voltage 
elpS to .improve the power factor. Other defects in the operation 
of this machine may be due to the troubles considered in Chapter VI. 

• Seo Sf)ecifica/$on and f)<'4ngn of Di/namO’Electric Machinert/f p. 547* for rule as to 
0ikding the right position. . ' 
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(e) One of the most widely used ways of changing the A.C. voltage 
fed to a converter is by means-of the reactive effect * of a leading 
or a lagging current in an inductance in series with the converter. 
Most commonly the transformer is built so as to have considerable 
magnetic leakage, and act^just ns a clioke-coil would in causing a 
drop in the voltage when the current lags, aiul a rise in the voltage 
when the current leads. 

In choosing a particular voltage range on the D.t'. side of the 
converter, we may have a large choice of possible arrangements: 
first, in the fixing of the no-load value' of the voltage 411 the low- 
terfsion side of the transformer, and secondly in the choice of the 
amount of reactive drop to be allowed in the transformer when full¬ 
load curreftt at zero power factor is flowing. 

We may elect to fix the no-load voltage of t he transformer at. a 
value corresponding to the highest value of the D.tt voltage recpiired 
at full load, allowing for the ohmic drop; so that an excitation of 
the field just sufficient to give unity power factor (on the low-tension 
side of the transformer) at full load will give the recpiired voltage on 
the D.C. bars. To get a lower voltage, the excitation is reduced. 
This plan is suitable for over-compounded converters that are to be 
worked for long periods on full loud, because it gives the least heating 
and the best efficiency. In cases where a range of voltage is required 
by moons of shunt control at full load, it is better to fix the no-load 
voltage of the transformer at a point corre.sponding with the miildle 
point of the range, over-excite the converter for the higher points 
of the range, ancl under-excite for the lower points. In cases where 
there are two definite points in tlu' range at which the machine may 
be operated for long periods of time- as when a converter is intended 
'to feed traction bus-bars at .WO volts and lighting bus-bars at 480 
volts—the best plan is to’arrangc taps on the high-tension side of 
the transformer and change over the no-load value of low-tension* 
voltage so as to get unity power factor at the mostcmivenient point 
both on traction and mi lighting. 

Alter the no-load voltage is settled, we may (dcct tii have a snjall 
reactance in the transformer, and a rather large lagging current, 
in order to get the required reactive dnqi; or we may elect to have 
a greater reactance in the transformer, in wliich case the lagging 
current required will be less. TIu' relation between the amounts of 
lagging current required to give different rang(« of reactive drop with 
different amounts of reactance in tin' transformer is given in Fig. 2 
of a paper by Mr. Juhlin, Voltage Regulation of Rtgary (.'onvertere 
(Joum. ImM Elec,. Engnrs., vol. 65, p. 241). These curves dq noWakc 

* See Specificafion and Design of Dynamo-Kledrie Machinery, pp. n47 iind TjOI) ; A. 
Juhlin, Jour/k Inst, Elec. Engineers, vol. 55, p. 241; R. (i. .lakeman. The ElfCtridan, vol. 80, 

))! 291; also vot. 81. 22 Nov. 1918. 
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account of the saturation of the converter iron, and assume that the 
reactance is constant over the whole tange. Fig. 5 in the same paper 
shows the effect of saturatioi\ of the reactive iron of the transformer. 
With ^ corapound-wounj! converter In which the compounding is 
obtained by pulling down'the voltage at no load by means of a lagging 
current, and in which the adjustments are made so as to get nearly 
unity power factor on the low-tension side at full load, there is a 
distinct advantage in saturating the reactive iron. When the iron 
is saturated, the inductance is not as great as it otherwise would be 
at full load. Thus we get the advantage of a high inductance, at. 
light loads, needing only a small lagging current to give the required 
inductive drop, without having the disadvqptage of an excessively 
high reactive effect at full load, which would make too great an angle 
between the high-tension and the low-tension voltage. Suppose, 
for instance, that we decide to have not more than 25 per cent, 
reactive drop for full-load current lagging, and that this is obtained 
when the iron is saturated ; the reactive drop for half-load current 
will be very much more than one-half of 25 per cent., because the 
iron will be less saturated at that load ; and it will probably not take 
more than one-third of load current to make an inductive drop of 
13 per cent. If the iron is not saturated and the reactive drop is 
proportional to the load current, it will take a lagging load equal to 
62 per cent, of full load to make a reactive drop of 13 per'cent. 
Thus for a given amount of reactive drop on full load, a converter 
working off a transformer with saturated reactive iron will require 
fewer series turns than one working off a transformer having un¬ 
saturated iron. This holds only when arrangements are such that 
the converter works at or near unity power factor at full load. 

A knowledge of the facts stated above will go a long way to help 
in the curing of defects that may arise in connection with this method 
of voltage adjustment. 

In Class II. the A.C. voltage supplied to the converter remains 
constant and the D.O. voltage is varied, (a) by changing the field- 
form of the converter or {b) by rocking the brushes. 

(a) It has been proposed toxhange the ratio of transformation 
from A.C. to D.C. by changing the field-form of the converter. This 
can be done to a certain extent by splitting the pole into sections by 
planes parallel to the axis and independently exciting the sections 
so as to vary the, field-form. Thus a change can be made in the 
ratio between the maximum voltage upon which the D.C. voltage 
dejpends and thv virtual voltage on the slip-rings. The split-pole 
conv6tter as actually constructed does not depend upon this principle. 
It depends upon the fact that by dividing each pole into two sections 
independently excited it is possible to shift the field-form relatively 
tOfthe brushes. Thus we get a change in the D.C. voltage in very 
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much the same way as if \ve rocked the brushes relatively to the 
field. Thus if the two sections of the pole' were eipial ami instead 
of being made both North poles one is made North and the other 
South, the whole field-form will be shifted through 90 ele<^trical 
degrees, and the effect is Ijie same as if the field had remained un¬ 
altered, but the .bnishes had been rocked Ihrotigli 90 electrical 
degrees. The result would be in l>oth cases to reduce the, I).C. 
voltage to zero although the A.C. voltage on the rings remained 
unaltered. 

It is of course necessary to see tliat tlie changing of tl|^ excitation 
of*the split-pole does not seriously interfere wit h tlie commutation. 
Fopthis reason the brnslies must l>e placed wlierc' they are in contact 
with coilsVhicjh are passing one of the interspaces between j)olea, 
or under an inter-pole. . Exam then tlie machine will not be free ffom 
commutation trouble unless something is done to compen.sate for 
the changing armature reaction as the volt age is varied. ()n jiage 399 
it is shown that the use of a booster to vary the voltage of a converter 
has the effect of varying the armature reaction, and as a conserptence 
the inter-pole e.xcitation must be varied by an aiiuamt which depends 
not*onlv upon the load, but also upon the amount ol the boosting. 
The .same holds for a sjilit-pole converter. For maximum D.fJ. 
voltage thc'.V.C. armature reaction is co-axial with the D.C. armature 
reaction, but as the D.F. voltage is lowered the axis of the .\.C. 
armature reaipion becomes inclined to that of lh(“ l).(k and the 
inter-pole is weakened. This effect can be neutralized for any given 
load by means of .shunt ampere-turns on the inter-pole. Hut the 
same sort of difficulty arises as that de.scribed on page 4(Ht. The 
same cures are also applicalile in this case. 

(6) Variation of the D.C. voltage liy rocking t he bru.shes. This 
method is very suitable wliere a range voltage adju.stme.nt of about 
10 per cent, up and 10 per cent, down is neisled and the conditioni^ 
are such that the attendant has acce.ss to the brush rocker when he 
wishes to change the D.C. voltage. The converter must, be .specially 
dc.signed so as to commutate well, with the bru.shes rocked over .the 
whole required range. It is quiti* po.ssible to design a. converter 
in which the brushes can be rocked through 90 electrical degrees 
and work sparklessly at all lo.ids u|) to full load. Such machines 
could lie economicaliy used to supply a variable voltage for starting 
up and running winding motors. Tliey could also be used to supply 
a reversible voltage for running rolling-mill motors. 

Heating of armature windings. \V hen the. powerifactor measured 
at the slip-tings is less than unity, t he heating of t he arinatiire"t'ftpj5er 
is considerably greater than when the jiower faidor is unity, , fo 
make an*exac't statement of the way in which the heating depends 
supon the newer factor, the number of jihasc^s, and other cireurnstanegs, 
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would take more room j;han we have available here. The reader 
referred to text books * and papers f upon the subject. The heatin 
of the copper J of a synchronous converter is in general greatc 
nearer,the points where the tappings are taken off to slip-rings tha 
at points midway between the tappings. When the current lag 
the winding near a tapping and immediately behind § it gets hotte 
than, the part of the winding in front of the tapping. When th 
current is leading, it is the part of the winding immediately in fron 
of the tapping that gets hottest. It is the temperature o< these 
hot spot^ that determines the load which a converter can take epn- 
tinuously at any given jmwer factor. 

If an armature of an over-compounded>converier shows exce&ive 
heating of fho winding at points immediately in frontof the tappings, 
after it has-been running on a lending power factor, one of the fimt 
matters to enquire into is the possibility of getting the required 
range of voltage by drawing a lagging current at light loads, so that 
the power factor may be near unity at full load. This can generally 
be (lone by changing tappings on the high-tension windings of the 
transformer to give 2 or 3 per cent, higher voltage at no load (unity 
power factor) titan corresponds to the highest D.C. voltage required. 
Thus if a six-phase converter is required to be compounded between 
510 volts no load and 550 full load, and the transformer is built for 
25 per cent, reactive drop at full load, the transformer might be 
adjusted to give about 400 volts on to rings 1 and 4. ^'I'his is arrived 
at as follows: 550 1-10--= 566; multiply this by the ratio between 
the D.C. volts and the volts on rings 1 and 4, say 0-7, and we get 400. 
In order that the reactive drop of 25 per cent, shall make no diminu¬ 
tion in the secondary volte, the current will have to lead by about 7°, 
so that the power factor should be about 0-99 leading on the low- 
tension side. This is so near unity that it will not greatly affect 

* Bftir and Aroiiibald, Design of Alternfiting Current Machinery (Whittaker) 1913 ; 
Specijicaiion and Design, ]», 541. 

t Woodhriilijo, Trans. Amer. l.K.K., vol. 27, p. 204; Julilin, Jonrn. Inst. Elec. 
Engnrs., vol. 55, p. 241. 

X If m in the number of Hlip-i ingA, and u is tho angular distance (inca.<mrod in tho direction 
of rotation) of any point P from tho niid-]X)int of a section of the wintlirig lying between 
two tappings, ami «/> is tlie angle of lag of the current, the heating of tho winding at the 
point P expressed as a fraclion of the beating of a D.C, geueralor carrying the sanw load ia: 

, . 8//,* 10//xCO8(a+</>) 

, . » ir .IT 

w'am* - JTW sin 
m fn 

In this formula i\ = Jh* + k\ where h ia the ratio of the A.C. jiower^to the D.C. power 
and hfiz iho ratio of tho wattless current to the power cuiront at unity ©.fTiciency. Thus 
where 4 cent. loasea are supplied by the A.(\ current, h - I’04, and where vbo wattless 
curfont is 0*26 of the working current (</i 15 ), then k ~ 0’26. 

§ A point is “ behind ” the tapping if it pa.sses any tixefl point on tho field magnet aft'ir 
tl:ti tapping has paHsed it. - o ' 
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the heating. Resistance must then he put in the shunt-field circuit, 
so as to cut down the excitation and make tlie converter draw a 
lagging current at no load sufficient to .pull down the voltage from 
566 to 510. The series winding is then adjusted tu mora than 
compensate for the deficien(y in the shunt ampere-turns at full load 
and to draw a leading current equal to 0-126 of the working current. 

Low power factor. The lagging wattless k.v.a. will iilways be 
greater on the primary winding of the transformer than on the 
winding connected to the converter slip-rings. The difference 
between the wattless k.v.a.’s is made up of (oj the wattless k.v.a. 
required to magnetize the transformer and {!>) the wattless k.v.a. 
brought abput by the reactive drop in the transformer. 

A transformer with a high iiuluctive drop (■.alls for a smaljer 
lagging current to produce the re(juired voltage drop, and a smaller 
leading current to give the required voltage, rise; so that the power 
fa(!tor on the converter .side is l)etter wlien we liave higli reactance 
in the transformer. But it is difficult to gel a leading power factor 
on the supply side of the transformer if tlie reactance has been 
chosen too high. 

For any given voltage range there is a ))artlcular reactance drop at 
full load that gives the best results (see Fig. 2 in ])aper l)y (1. A. .luhlin, 
referred to on page 383). In cases where t he ])ower factor is too low- 
on the*high-tension side of the transformer, a measurement of the 
no-load current should be made to see liow far the magnetizing 
current is responsible. An enquiry should be made as to the reattivc 
drop at full load ; and if t his is too high it may be possible to reduce 
it by changing the arrangement of the ])ackets of reactive iron. 

Two or more converter| in parallel on the same transformer. 
Before the matter was properly understood attempts wi-re made 
to run several converters in parallel, fed by the same transformer. 
Difficulty arises from the fact that a very large e.urrent may flow 
from the positive brushes of one machine, through the load and 
back to the transformers through I la; negative brushes of another 
machine. This may result in the overloading ol one set id brushes, 
wliile those of opposite polarity are underloadc-d. 'I he (m.neral 
Electric Company of Witton have devised a nadhod* by which it 
is posshde to run converters in parallel on the same transformer, 
the Icmds on the brush-holders being equalized by na*a,ns of small 
differential choke-coils connected between the transformers and 
the rings. 


*.Sw‘ KhrJrician, vol. 8.‘l, |i. 492. 
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SPARKING Al THE BRUSHES ON SYNCHRONOUS CONVERTERS. 

« 

Alt, that has been said about the collection of current in Chapter IX. 
in connection with D.C. generators applies with equal force in the case 
of synchronous converters; and most of the troubles dealt with in 
Chapter X. in connection with D.C. generators may occur on any 
commutating machine. The only advantage that the rotary has 
over the D.C. generator in the matter of commutation is, that, the 
excitation of the commutating poles need not include the large 
number of ampere-turns that are necessary in the case of a D.C. 
generator to counteract the armature ampere-turns. The cumber 
of ampere-turns on the commutating pole of a converter being 
substantially less than on a D.C. generator of the same output, the 
leakage flux from the commutating pole is generally less, and on 
that account saturation on heavy overload is not so liable to occur. 

In some respects the commutating conditions on a rotary con¬ 
verter are more severe than on a D.C. generator. 


Pulsating armature reaction. 

It is well known * that the armature ampere-turns per pole or 
a three-phase full-pitch armature pulsate betweeii the value ol 
0-47/„Z„ , 0-407/„Z,. , f „ 

Nbrof poles No. of poles’ 

alternating current per conductor, and Z„ is the total number of 
conductors ou the armature. There arc six pulsations per cycle. 

Let us consider a ‘2-pole C-phase converter supplying the cvrrrent 
If at the D.C. voltage E. Then the D.C. power- /jJ?. The alter¬ 
nating current per conductor in the armature, /,„ is equal to 


IT 9 


m sm 


m 


Spreificttlion and tkaigu of Dynamo-Sltetric Machinery, p. 27^. 



SPARKING AT THE BRUSHES 3S» 

where m is the number of phases and »; is the efficiency. In a six-’ 
phase machine The armature ampere-turns due to the 

altematmg current therefore vary betsveen 

0-47 X 0-47 x-/,Z„ . 0-407 x‘d -47 xa„ 

'in '2n 

Taking V at 0-95, these expressions reduce to 0-11(5 /,Z„ and 0-101 

The»direct current in tlie conductors is J, and the D.C. ampere- 

turns per pole are 0-125/^2,,, witliout allowing for the fadt. that the' 
con(|;uetors under the commutating pole do not carry full current. 
Tllaking aiuallowance of 2 per cent, for this, we have the ampere- 
turns due to th(5 direct current in the armature equal to 0-1225/^,. 
Thus we see that the ampere-turns due to the direct current are 
always slightly greater than the A.C. ampere-turns; so that in 
addition to the ampere-turns required to yield the co!nmutating 
flux, the converter under consideration should have on its commu¬ 
tating poles additional ampere-turns, the amount of which should 
vary* between -OOfiS/^Z,, and -0215/,.Z„. If the commutating pole 
is excited by a steady direct current, one may take an intermediate 
value, say, -014/,,Z„, for the ampcre-tunis required in addition to 
those pecessary to produce the commutating flux. The exact value 
will depend upon the efficiency. 

Let the twfl-pole machine be yielding 200 kilowatts at 600 volts 
(/,= 400), and let the total conductors on the armature be 192 in 
number. The ampere-turns due to the alternating current will vary 
between 7760 and 8920; while the ampere-turns due to the direct 
Current will be 9417. Suiipose the air-gap of the intciyole is made 
rather short, so that the ampere-turns required to drive the com¬ 
mutating flux across it are only 2000. Let. the excitation of the 
commutating pole be adjusted to give 2000 + 1077 = 3077 amperc-tums, 
then the pulsations of the alternating ampere-turns of the armature 
will give us resultant effective amjiere-turns on the air-gap varying 
lietween 1420 and 2580 ampere-turns: so that at one instant the 
excitation will be about 71 per cent, of what it ought to be, and at 
another instant it will be 29 per cent, more than it ought to be, and 
the commutation will be very far from perfect. ^ 

The effect of the pulsating m.m.k. of the armature bi changing 
the strength of the commutating pole and thus changing the current 
distribution under the brushes is shown in Fig. 314. This figure 
gives an oscillogram of the brush drop taken at the tee of a,J;g'ush 
of a 75©k.w. 50 cycle synchronous converter when ruftning at 
full load., 

y Ttie bigger lobes of the curve are produced by the pulsation of 
the armature. There are six of these lobes’in one cycle of the supply 
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voltage. When the commutating pole is too strong, the current is 
driven to the heel of the brush, and the current density at the toe falls 
to zero, or perhaps reverses. • When the commutating pole is too weak, 
the current is driven to the toe of the brush ; and the current density 
is then so high that the brush drop rises Ifo more than 2 volts. Super¬ 
imposed upon the big lobes thus produced in the fcurve are a number 



of irregular ripples, which have for the most part the frequency of 
the slots (there being 12 slots per pole). The frequency of the bars 
(48 per pole) is occasionally shown up by a minute ripple. Xhe last 
bar in the slot, for the reasons mentioned on page 359, shows up 
much oftener thfin the others. The irregularity of the curves is due 
to irregularities in the construction of the commutator. The pulsa¬ 
tion of the flux in the commutating pole can also be seen by taking 



an oscillograph record of the voltage at the terminals of the .commu¬ 
tating pole winding. Such a record is shown in Fig. 315. It ihows 
up very clearly the sixth harmonic due to the armature reaction, 
and also the tqoth ripple. There are exactly 24 of the little ripples 
in a.^omplete cycle of the supply voltage.' One cy'clp takes 0*02 
second, which is represented by 6 cm. in Figs. 314 and 316. There 
are six of the bigger ripples per cycle. The mean value of the voltage 
at the terminals of the commutating pole winding was only 0-2 volts 
luessured on a D.C. voltmeter. The pulsations take the voltage 
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up to ‘43 and down to zero. The small ripples are mainly due to 
ripples in the armature current, which set up a reactive voltage at 
the terminals of the commutating-pole winding, acting as a choke- 
coil. The sixth harmonic ripple is partly due to the same cause, but 
is mainly due to the pulsittion of the fhix caiused by the armature 
reaction. The rijjple in the armature current was caused by a ripple 
very plainly seen in the oscillogram of the voltage between*rings 



1 agd 4, shown’in Fig. 310. This is not a simple tooth ripple caused 
by flux-swinging on the main ])ole, because, its amplitude does not. 
fall to zero-whcn the voltage falls to zero. When the converter was 
on no-load,'the k.m.f. showed a true tooth ripjrle, which fell to zero 
as the main wave cro.ssed the zero line ; but on load the superimposed 
ripple on the ^airrent iind the clTect of the teeth on the commutating 
pole gave the ripple a considerable amplitude even when t he ordinates 
of the main wave were zero. 


500 




FlO. ;U7. -OKciilofiram of voltajzo at flu* UTininalw of n HiK-|iliiw«* uotivfil^ r 
• showing ripples an<l sixlh-lmrmonie. TUm: nctilc 1 ertt. - pdSM Mt'f. 

• 

This ripple was also very marked on the l).(h voltage. Fig. 317 
gives the oscillogram of the D.C. voltage. Here in addition to the 
tooth ripi^e^ which have an amplitude of 20 volts,•there is^sli^ht 
wave heviftg a frequency of 6 x 50. This is caused by the pulsation 
of the armature ma^eto-motive force. This sixth harmonic wave 
us mbre c'learly seen in Fig. 318. When two synchronous converters 
’ are ruh bkck-to-back for the purpose of nirculating the power o« a 


392 DIAGNOSING OF TROUBLES IN DYNAMOS • * 

• 

full-load run, the D.C.'voltage contains the tooth ripples of both 
machines superimposed. One machine is running as an A.C. generator 
and the other as an A.C. motor, so that there is considerable phase 
difference between their generated k.m.f.’s ; and as the tooth ripples 
arc not sine waves their superimposition* leads to a rather complex 



ripple, as seen in Fig. 318, which shows the oscillogram of the D.C. 
voltage taken under the conditions above described. 

Under these conditions the direct current passing from one 
machine to the other may have quite a complex wave-form, with the 
sixth harmonica very pronounced. Fig. 319 shows the oscillpgram 
of the direct (mrrcnt flowing between two .synchronous converters 
connected back-to-back. It will be seen that th<^ fundamental 
frequency can be detected, as well as the sixth harmonic, and a ripple 



•Fut. 3U>.—0«cilloji;rAiu i»f iliroct funviit pAUBin): IrMwouii two stix^p-Aasc ctm- 
vortors uGiiiuHtcii ttaok-tu'hack Bhowing stixtli tmrmonic Arising fr<*m armaturu 
ptitaAting M.M.v. Timt' scalr ! ctii. r. O iKM we. 

having double the frequency of the teeth. The alternaring current 
flowing between the two machines is also very complex in wave 
form, as will be^seen from Fig. 327. 

■ The pulsating reaction of a six-phase armature thus, introduces 
a difficulk^' into the commutation problem of a synchronous con¬ 
verter, which is not })resent in the case of a D.C. generator.. 

Ways of combating the pulsation. One way of reducing the, 
percentage variation of the commutating pole on a converter is to 
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make the air-gap of the commutating pole fairly great, so as to increase 
the resultant ampere-turns required to drive the commutating flux. 

Increase of effective ampere-turns. ‘Suppose that in the case 
•given the air-gap were made .sufficiently great to call for 6000 anfjrere- 
tums to drive the commutating flux across the air-gap, and that 
the excitation were adjusted to give 6000 i-1077-- 7077 ampere- 
turns ; the pulsiition of the alternating ampere-turns woidd result 
in an effective excitation of 6580, or 10 per cent, too many, and 
5420, or 10 per cent, too few, effective anipere-turns. if the total 
voltage under the hnush (.sec page 326) did not e.\ceed*20 volts, 
4,Jns Viiriation of the effective ampere-turns woidd not lead to diffi¬ 
culty with tVe commutation. It will generally lie found on nuKlern 
synchronous converters that the ampere-turns on the commutating 
pole have been deliberately increased beyond what would ordinarily 
be thought necessary to create the commutating flux, the purpose 
in view being to reduce, the percentage variation caused by the 
pulsating alternating-current m.m.k. 

Dampers on commutating pole. .Anotiier way of counteracting 
the effect of the pulsating armature reaction is to provide eaidi com¬ 
mutating poly with a damjiei' of very low ri'sistance. This may 
consist of a cojiper plate thick covering the face of the pole. 



Kio. 32<>. - Offillujirarn of linisli tnkni uiulor tin* toe of a finish of a hix-phuHU 
converter with daniiKTs im the conimulatinji poles. Time .•eale ) ein -- feWH we. 

supplemfinted by a rectangle of cojiper encircling the pole shoe. If 
the re^stance of this damper is made very small, it very effectually 
keeps the flux on the commutating poles fairly lonstant, notwith¬ 
standing the armature reaction: in fact, it acts like t^he secondary 
of a transformer and tends to wipe out the alternating ampere-%.;3a8.* 
The irflprovement effected in current distribution luufer the 
brush by the addition of dampers of 1 his kind is illustrated in Fig. 32(5, 
which waj taken under the toe of the. same brush as Fig. 314, the load ^ 
being the same in both cases. The damper almost entirely wiped out 
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the sixth harmonic ; hut it left un§iltered the very big oscillations in 
the current density, which were due to other causes (see page 352). 
The commutation in this case was not improved by the addition of 
the dampers; but the elimination of the pulsation enables the experi¬ 
menter to sec more clearly that there arfi other factors in the problem. 

Commutating field coils shunted by a diverter. Another way, 
which is just as effective and in some cases more convenient, is to 
make the number of turns on the commutating pole about twice as 
great as the number that would be required if the whole armature 
current (vent through them, and then to provide a diverter that 
diverts about one-half the current through a non-inductive resistance. 
It will be found that when the converter "is on load the currdlST 
through the commutating coil pulsates and keeps the resultant 
ampere-turns on the commutating pole fairly steady, notwith¬ 
standing the alternating armature reaction. 

Armature short-chorded by one slot. It is common practice to 
short-chord the armature of a synchronous converter by one slot. 
Thus if there are 12 slots per pole, the coils are iqade to lie in slots 
1 and 12, insteatl of in 1 and 13, as they would on adull-pitch armature. 
This has the effect of reducing the pulsation by about 40 per cent. 
Taking the same two-pole armature that we considered on page 389, 
and short-chording it by one slot, we shall find that the ampere-turns 
due to the alternating current will vary between 7800 and 8560, 
instead of between the wider range 7760 to 8920, and at the same time| 
the D.C. armature ampere-turns are reduced from 9417 to 8900. If 
we arrange the interpole for an effective excitation of 6000 ampere- 
turns, and apply an extra 720 to overcome the armature mean m.m.f., 
we shall find that on full-load the excitation will vary between 5620 
and 6380. I'his is only 6i per cent.' variation from the desired 
6000 ampere-turns. If the winding were short-chorded by 2 slots 
(the coils lying in slots 1 and 11) the pulsation would be reduced 
almost to zero. It would be possible by suitable shaping of the 
main poles to make a converter commutate well notwithstanding 
tbo short-chording by 30 degrees. The corners of the main poles 
should be cut back so as to give a uniform field for fhe coils under 
commutation and the commutating coils should be made to embrace 
the main pole tips so as to provide a field of the right strength. 

Twelve-phase converter. Another way of reducing the. pulsa¬ 
tions in the m.m.f. of the armature is to have 12 slip-rings and connect 
up the transformers to deliver the current in twelve symmetrical 
pjujsfs. In Uie case of large synchronous converters .this does not 
involve such a great increase in complication as it might at first 
seem to do. 

Six-phase converters of large current output have usually two or 
more cables to each slip-ring, to carry the current from the trahs- 
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former. The change to 12 phases therefore makes no more compli¬ 
cation in this respect, hurther, the 12 rings of a 12-phase converter 
need only be one-half the size of rings oma li-phase machine; and the 
total number of brushes will be the same in both cases. • 

There are many ways of^ransformiiig from 3-pl)ase supply mains 
to a symmetrical '12-phase system. Where the transformers are 
already arranged to deliver (i-phase current, it is possible by the 
addition of three choke-coils, PP\ QQ' and UR', connected as shown 
in Fig. 321, to obtain 12phases. 'I'lie secondaries of the main 
transformers are shown as AA'. lUi' and CC connectecFin doiilde 
^ar ^ but other connections are possible. Fach clioke-(!oil has 
W-o independent, windings, liach winding has two taps. H and T, 
brought out, thfi voltage lietwecn each tap and the end being 0-21S8 



s^'fiunctriuai phascB. dflivrr 1-* nymmclrinil iiliawB. 

of the whole voltage on the choke-coil. In prai-tice, if each coil has 
16 turns, it will be sufficiently near the theoretical value to liring 
out the taps four turns away from each end. These four turrts 
must be of a gection great enough to carry the slip-ring current; the 
remaining seven turns can be of .smaller .section. The ampere-turns 
of the two windings (P and F) on each coil can be arranged to wipe 
each other out, and the magnetic leakage made extremely small. 
The choke-coils, being worked at a low potential, need not be oil- 
immersed ; their total k.v.a. capacity is about 0-27 of the main 
transformer. With the arrangement shown in Fig. 321 f it is ney'stjary 
that the ratio of the transformer shall be changed by about 10 pr 
o.ent., in or^er to bring the points A and C up to the point A^ and ft'. 
I^ithisds n6t easily carried out by taps on the primaries, it may be 
necessary to adopt some other method of changing to 12-pha8e. * 
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The arrangement shown in Fig. .322 is fairly simple. It involves 
the use of three auxiliary transformers, each with two secondaries. 
One transformer has its primary connfected across B'C, while the 
mi(l-j)bints of the secomlaries arc connected to A and A'. 

The correct ratio of this transformer is 6'40 to 2. This is so nearly 
13 to 4, that if we have 13 turns between B' anti C, we may have 
2 turns for UA and two turns for AS. As before, the ampere-turns 
of US can be made to balance out the amperc-turns of U'S' so that 
the wire required for the winding B'C may be quite small. 

For the same load, the heating in a C-phase converter is a Httle 
greater than in a 12-phase converter. At a gower factor of O-Q, t^ 
rating from the heating point of view can be Wreased br 9 per ceifCT 
when the number of pliases is changed from 6 to 12.* 

In general, however, the rating could be increased by more than 
this, because converters are seldom worked near to their heating 
limit, and the commutation on 20 per cent, overload of a 12-phase 
converter will be better than on a 0-phase machine at normal Ibad. 

Higher harmonic currents in the armature. , 

The alternating current that flows in the armature of a syn¬ 
chronous converter is driven by the dift'erence between the E.M.F. 
supplied by the secondary of the transformer and the e.m.k. generated 
by the rotation of the conductors of the converter in the magnetic 
field. As in practice these e.m.f.’s are not of the same wave-form, , 
the alternating current that flows is complex in its character and 
contains many pronounced higher harmonics. 

When the secondaries of the transformers are connected in mesh 
and the three corners of the mesh are brought to the three rings of«, 
three-phase (!t)nvertcr, any third-harmonic e.m.f. ’s within the windings 
I are completely short-circuited within each mesli: and as the third- 
harmonic currents, and all harmonic currents whose order is a multiple 
of three, can flow without opposition, they wipe out by their reaction 
the irregularities in the magnetic field that produce them; so that 
the wave form of the e.m.f. on the rings is much nearer a sine-wave 
than it otherwise would be. Fig. 323 shows the wavp form of the 
alternating current taken by a 750 K.w. (5-phase 650 volt synchronous 
converter, when cpi\nected up as a three-phase machine- to the 
secondaries of transformers connected in mesh. The primaries of the 
transformers were connected in star to the primaries of another 
transformer similarly connected to another converter, by means of 
ivlych-the poif’er was circulated, the two converters beipg connected 
on the'D.t!. side. The power to supply the losses was fed to the 
B^^stem on the A.Cl side of the second converter. The oscillogram 
was taken when the machine was carrying a load of 35(1 th.'A. 'fiie 
"wave form did not change appreciably with the load. It will be seen 
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that with the mesh connection in tlie secondary the current taken 
by the converter is very nearly sinusoidal. 



Flo. 323.—Wav«-form of curronl fpil to a 3-|)lmw' fonv(*r(<*r wlu*i» tho fipoon<iari«’!i 
of thr traimformor wpiv connoctud in and ilu* |niinarios in star. 

Fig. 324 shows tlie wave form of the eurrenl witli the secondaries 
connected in star, and witli tlie |iriiiuiries connected in star. 



Fkj. 324.-Wavo-fonn of current fed to a 3*]*liaHe eonvefl<T when the Hccttmlary 
• wa-s eoniU'Oled in star and (he priinary in star. 

Fig. 325 shows the wavft form of tlie current with t.he si.v-pliase 
secondaries connected in double star, and the primaries connected in 



Pio. 335.—Wave*f<»rm of current fed to a G'|>ha.>tc eonverU-r when the W'Oondilriefl 
of the tranaftirmer were connected in double star and the pritnarii^ in rneah. 

njash. *Thete the load on the converter was 750 K.w., giving about the 
same vafue of amperes per phase as with the three-phase connectioh! 
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Fig. 326 shows tho> wave form of the current with the six-phase 
secondaries connected in double star and the primaries connected 
in star, the load being 760 K.w. 

It* will be seen that the wave-form has pronounced harmonics. 



Fro. 320.-—Wavo-f(irin of the cum?nl fed to a C-phase converter wlicn the secondaries 
of the traiisfonnor wort' connected in ilouble star and the primaries in star. 

The fact tliat the wave-form is not constant is probably due to a 
small amount of hunting between the two machines. 

In one test on these machines the transformers were taken out 
altogether and the two converters run back-to-back, as six-phase 
machines. The alternating-current wave form (see Fig. 327), taken 



Fio. 327.~'^\Vave‘for»*i of the current fed to the C-phasc converter connected 
hiiok-to-haek with another convertor, no transformers being u^ted. « 


at full load, shows a very great departure from the sinusoidal form: 
th is ia mainly^due to the fact that one of the converters was over¬ 
excited' and the other under-excited in order to make the power 
circulate. One of the armatures curried a leading current and the 
other a lagging current; and, the two field forms being difierent. 
Very big harmonics flowed between the two machines in'order to 
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equalize the e.m.f.’b. As all six phases were dinxitly conueeted, 
there was no restriction to the flowing of the third liarmonic. 

It is generally found that the conneetkm of the Iransforniers with 
the secondaries in mesh gives the best conditions for commutation. 

In the tests on which tin? above oscillograms wem taken, this 
connection produced no noticeable improvement, because the main 
defect in the commutation was due to l)ad bar spacing (see pag(‘ SlW). 
The commutation when the machines were run back-to-back without 
transfornlers was not worse than when tlie transformers were con- 
nectcil to the converters in double star. • 

Saturation of reactive iron. In cases where a very large reat^tive 
"Stop ifl the transformer is required (see page .SS;}), t his drop is obtained 
by placing packets of laminated iron i)etwccn the ))rimary amj 
.secondary coils of the transformer. ()n heavy loads this iron mav 
become saturated to a point well over the bend of the magnetization 
, curve, and the shape of the magnetization curve introduces higher 
harmonics into the wave-form of the .st'condary voltage, this 
saturation effect has been known to cause a very serious interference 
with the commutating qualities of a synchronous converter. The 
cure is to break up the iron packets into short lengths, with air-gaps 
interposed evrty few inches of magnetic pat h, instead of having long 
packets and only one or two wide air-ga])s. Ity increasing the cross- 
section df the pa(d'ets, the same reluctance can l)c obtained as before; 
but the leakage flux increases more nearly in proportion to current. 

One of the secondary effects of those higher harmonics is to set 
up in the coils under commutation e.m.f.'s of an exceedingly complex 
character; so that in addition to the haul current in the brushes 
thgre arc superimposed eddy-currents of various fre(|uenciea, the 
intensity of which at times js such as to lead to tlie generation of 
very much more heat than would be jiroduced in a well-designed 
converter. Unfortunately, these higher harmonics an? not under 
the control of the outside engineer who may be (mdeavonring 
to improve the performance of the converter. It. is only by the 
suitable design of the alternator, transformer and cmivcrler t.liaf 
they can be reduced to very .small dimensio))s. 

The best way of reducing the de]eteri(jus effects of higher har- 
ii||nic8 op commutation is to make the brushes as narrow as is coni- 
patible.with reasonable current density. The, us(f of a liiush having 
a high contact resistance is also serviceable. 

Eflect of A.C. boosters on the commutation of synchronotm converters. . 

A synchronous converter provided with an A.C. boo.ster on fEc 
same shaft, for the purpose of adjusting the Jt.f,'. voltage, may bft 
foupd to edmmutate badlv, either when the b(X)stcr is increasing 
or'when rt it. decreasing the voltage. This-action is ea.sily under-* 
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stood. When the bolster is boosting tip, it is driven by the convertei 
which is then running as a synchronous motor. The extra A.( 
power taken to drive the booster increases the A.C. ampere-turns o 
the .rotary armature to a value higher than the figures given o 
page 38fl ; and if the' commutating pole has been adjusted on th 
assumption that the booster is not working, it will be too strong whe 
the D.(^ voltage is being boosted up. When it is boosting dowi 
the l)ooster ojjerates as a motor and cpmmunicates mechanic! 
torque to the (converter, which accordingly supplies a greater D.( 
power thaji is represented by the A.(l. power taken from the sli] 
rings. This increases the T).(l. ampere-turns on the armature an 
weakens the commutating poles; so that if the poles have bpe 
adjusted oi'i the assumption that the booster is not in operatioi 
they will be too weak when the I).( ^ voltage is being boosted dowi 
The amount of torque re(iuired to drive the booster when boostir 
up, and the amount of torcjne yielded by it when boosting dowi 
depend upon two factors: (1) the state of excitation of the field 
(2) the amount of the load. 

In very liberally designed converters rated at not more than f 
to 80 kilowatts per pole, lioosters having a range up to 1\ per cen 
,ip and 7l per cent, down do not make any more disturbance in tl 
commutation than can be met by the resistance ot the brushes 
but in nuKlern converters rated up to 150 kilowatts pt'r pole or mor 
and having boosters with a range of 10 to 15 jier cent, up and dow 
this action of the A.(k boo.ster becoimw very important, and mu 
be taken care of by speciid devices. 

Any devices that Inive in view the compensiition of the iictu 
described above, by mt'iins of an auxiliary winding on the comm 
tating pole, ought, strictly s[)eaking, to take into account the tv 
factors mentioned above. 

Winding on commutating poles in series with the booster flel 
It is possible to put upon the commutating poles small coils co 
nected in aeries with the field winding of the Isooster, so that win 
■the latter is boosting up and the convt*rter is running at fidl load t: 
ampere-turns on the auxiliary coils will iipprioxiiuately countc 
balance the additioiud A.t'. reiiction produced by the motor load < 
the converter. Wlnm tins field-(current of the booster is reverse 
so as to make the-machine boost down, the current in the auxilia 
coils is idso reversed and will now strengthen the commutating pol 
and approximately compensate for the difference in A.C. armatu 
reaction. 'IViere are, of course, certain losses in .the A.C. boost 
that put a motor load on the converter whatever the direction 
excitation ; but the effect of these can in general be neglected. T 
device operates very well as long as the converter is run atjippro: 
mately full loaii or near the load for which the auxiliary-coils fia 
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been desired. On liberally-designed converters provided with 
boosters with a range of 10 per cent, up and'down, this device has 
been found to operate well under practical conditions. The fact 
that it does not give perfect compensation at light loads dogs not 
lead to serious trouble. • ’ 

Automatic contrpl of commutating poles. Various devices have 
been suggested for automatically adjusting the coiumututing jxdes 
so as to roughly compensate for factors 1 and 2 mentioned above. 
Factor 1» can be taken care of by the method mentioned in the last 
parngraph; factor 2 can be allowed lor by switching in and out 
diverters on the aiuxiliary winding, according to I lie amount of the 

•lead.' 

Double'finish gear. The double-brush gear device described 
on page 351, when applied to a rotary converter, can within certain 
limits automatically compensate for the effect of the booster. 

^ When the commutating pole is too strong, the forward brush eollecte 
less current than the back brush and automatically weakens the 
held ; if, on the other hand, the field is too weak owing to the D.C. 
voltage being bobsted down, the forward brush takes more current 
and automatically .strengtheus the commutating poh‘s. But the 
device cannot be relied on to correctly compensate for a wide range 

• of boosting ; because if we call upon the forward bru.sfi to collect a 
very mtich greater current than the bade brush, it is obvious that the 
commutating pplc cannot be the right strength for both brushes. 

* The device is inexpensive, however, and works well u|) to tin* point 
where the current in the forward brush is about twice as great as the 
current in the back brush, or vice rerm. 

Dnsymmetrical tappings. 

In addition to the possAulity of having an unsymmctrical A.C. 
winding such as is referred to on jiagc 1!)K, t hme is a pos.sibility on a " 
synchronous converter of having the tajipings to the slip-rings taken 
out at unsymmetrical points. This not uncommonly happens in 
practice where the number of conductors on a .series-wound armatUM 
is such as to make symmetrical tappings impoasible. It may be 
that the deviStion from .symmetry is so small as to cause very little 
trouble ,in commutation. The outside engineer must be alive to 
the pogsibility of trouble arising from this cause, esj)ccially in machines 
designed several years ago. As a matter of principle, these, unsytn- 
metrical windings should be avoided by the designer. 

Unsymmetridfil windings. 

It is important that the armature winding should be »o 
dggigned that all points on the commutator having a distance apart 
e^ual to'thc distance betw’een two positive,brushes shall always bQ 
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at the same potential.. This matter is dealt with very fully in the 
paper * by Dr. S. P. Smith on armature windings (see^page 19S). 
In cases where the number of slots -per pole-pair is integral and 
where* a lap winding is, employed, points that arc two pole-pitches 
apart are necessarily always at the same potential (assuming always 
a symmetrical field). In cases where the number of slots per pole- 
paii* is not integral and where a wave winding is employed, very 
definite rules must be followed in order that the condition stated 
above shall hold. This, however, is a matter of design, and is only 
mentioned hpre to put the outside engineer on his guard against 
D.C. armatures in which the winding is not such as to give an equal 
potential at points where brushes of the same polarity,bear. 

Hunting of synchronous converters. 

Another possible cause of sparking in synchronous converters 
may arise from a want of uniformity in the frequency of the supply. 
This cause will be intensified if the natural period of phase-swing (see 
page 228) of the converter is the same as the period of the disturbance 
m the frequency of supply. 

The reason why phase-swinging causes sparking aj; the brushes 
is as follows"; During the forward swing of the converter, power is 
supplied from the A.C. system and energy is stored in the rotating 
part as kinetic energy. 'Phe converter during the time it is gaining 
speed takes a greater motor load than it would if rxmning steadily. 
During the backward swing the kinetic energy is being reconverted 
into electrical energy, sind the converter in consequence carries a 
greater generator load than it would if running steadily. The 
motor load strengthens the commutating poles, and the generator 
load weakens them ; so that we get over-cornnmtation during 
the forward swing and under-commutation during the backward 
swing. 

The extent of the swing of the converter depends mainly upon 
three factors: (1) the amplitude of the phase-swing of the supply 
system ; (2) the amount of the magnification due to. resonance; and 
(3) the elliciency of the damper. In order to dea' intelligently 
with a defect in commutation arising from this cause it is neces¬ 
sary to understaiijd exactly how these factors enter into the 
problem. 

Mrst consider the case of a two-pole synchronous motor running 
on a supply leaving a perfectly uniform' frequency The voltage 
applittl between a pair of terminals of the armatures wpuld be repre¬ 
sented \}y a vector rotating uniformly with the angular speed 2 t/ in 
a counter-clockwise direction. Now let us suppose that the frequency 

' *Joun.. vol. B6. p. 18 (1916). 
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is not uniforatt, and that the angular position of the rotating vector 
at any instant I is given by the expression 

0^=2Trft—A sin iTrf/, 


where fi is the frequency of the irregularity in tlie rotation of the v’ector, 
and A is the amplitude of the irregularity. Let us denote by y the 
angular displacement of the vector from the position it would oojupy 
if rotating uniformly. Then y=A sin 2TrfA measured in a cloc'kwwe 
direction. As on page 171, let represent the displacement of the 
centre line of a pole. 

The angle y is supposed to be measured behind * the vector M'hich 
• would represent the voltage if it were revolving uniformly. 

'The synuhronizing force is tlien proportional to (-r-y), and the 
damping force is proportional to (o- y). Kmploying the constants 
a, b and c with the same signification as on page 228, we get the 
equation of motion 

' a,(r + b((T-y)+c(iT-y)A), 

from which we get 


• Ajc^+a>-lr . I 


l-fH-tan 


( 1 ) 


, where e=tan 


-2Tf,i and A:-■(am- c). 


Ac 

If 6=0, that is, if there is no damping, rr ~ - ^ 

Aq . c 

' (T~ — ■ smwf, where o= 

1 -f/ ’ ' iUo^ 


sinmf and 


That is to say, the original phase-swing of llie supply is magnified 

by in the swinging of.flie revolving part of the motor. In the 

case where q^ l, t will become infinite, if 6 • 0 (.see page 230). 

In the above we have taken a two-pole machine, in order that 
a and y, when measured on a simple clock diagram, may have the .same 


magnitude as the displacements which they represent on the actual 
machine. If the converter has p pairs of poles, it is convenient tfi 
denote by «'che actual angular displacement of the centre line of 
the poles behind the vector which represents the applieil voltage of 
uniform* frequency; and it must be, retnembejed that in arriving, 
at y the amplitude A will be inversely jrroportional to the number 
of poles. Thus if A is the amplitude of the phase-swing of the 


• For the sake Oi continuing the conventions adoptoil on page 228,|we are ei^deriiy; 
here a sjmchroncus motor having a revolving lield-inagnct. Xf we had (as is usual MUr 
synchronous converters) a stationary field and a rotating arinatuns the voltage vector wojild 
revolve ijith rpspect to the armature but would remain stationary with respect to the held 
svatem; and mstead of using the word “ behind ” one should use the word “ before ” in 
rmtion to the laovement of the rotating part. 
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voltage measured on a.two-pole digram, Alp=A^ is the amplitude 
of the swing of the voltage vector on a machine of 2p poW 

Further, we have p«=<r.. Making these modificationsTin formula 
(1) on,page’403, we get t^e same expression for the value of « as for a. 
except that we take the coefficient Jj,‘instead of A. 

Jn the commutation problem w'e are interested to know how 
great the. awing will be where 1 and the damping is such as one 
migJit find in a synchronous converter. 

Take the case of an 8-pole 1000 K.w. 60 cycle synchronfius con- 
\ferter ruifning at 750 r.p.m. The moment of inertia would be about 
610 kilograms at a metre radius'*, so that 


510 

a=9.gi- = 52.2. 


[f we have rather a poor damper, giving as much as 3 per cent, 
slip at full load when used as a squirrel-cage secondary, the value 
of the damping constant will be 

10'’x4 

""" 9'8I X 12-5 X 6-28 x (5-28 x 50 x 0-03 ^ 


Owing to the high value of the armature ampere-turns, as com¬ 
pared with the field ampere-turns, the value of /„//, (page 171) is 
usually low on synchronous converters. It may be taken * aS 1-4. 
We therefore get for the value of the restoring h)rce, 


c~ 


lO" X 1-4x4 
9-81 X 12-5 X 0-28 


= 7-28x10'’. 


The frequency of disturbance that will give the worst resonance 
is found by writing ^. » 


7-28x1 O’=52-2<«=, 

<..= ]l-8=2x/,. 

Therefore /,,—1-88 cycles per second. 

' On the assumption that/, has this value, so that k=0, we may 
proceed to calculate the value of the constants in formula (I) page 403. 

<.h 11-8x550- 0-49x10". 

7280x7280=5-31 x 10% 


9-75x10'' 

«./) "“0-49x10’" 

-l-5d sin (<..M-4r 44'-| 90°) 
-l-5.d„sm(«<-48°10'). 

•Spo and Design of Dgyiamo-Kkctrk Machintry^ pp. 342*345. . 

method of calculating the valui*'of/„///. * 
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The maximum value of aa=;.09 x 10>A, kilograms at a metre. 
The maximum value of 6«=550 x 11-8 x 1-5 x^,=9-75 x lOM 
The maximum value of ci(=l-09 x " 

The maximum value of the synchronizing torque is obtained by 
finding the maximum valutf of c (u~y). ^ 

For this purpose we can set off the vector ("y 7-28 x 10 ’ x.l . as 
a horizontal line and the vector x lO'J,, lagging b\’’’ihe 

angle 48° 16'. The vector difference lias tlien a length 8-15 x lO’.l,. 
'I’he ma^cimum value of 


^ Next let us see how great may be the amplitude of the jihase- 
swing of the voltage. 

Suppose that the A.C. supply comes from a 2 ti-pole .‘f-pliase 
generator driven by a gas-engine^ at 230 J^et there be an 

irregularity in the speed, having a frequency of 115 per minute or 
I-92 per second. 

This will give almost exact resonance for some states of excitation 
of the converter» 

If the flywheel of the generator permits of an angular irregularity in 
the speed of ._, !|,th, we shall have a speed variation of -OOt >;3-81 :<2t 
radians jici s'econd (3"84 x2t radians jier .sec. being the speed of the 
engine^. 

This will give rise to an angular displacement of the voltage 


vector of 


0-004 X 3-84 x2ir 
27rxl-92 


0-008 radian on the 


generator, or 


0-008 X 0-026 radian on the converter. 

• 8 


So the maximum valucsif y 0-026 .1,,. 

But (•<- y)- 1 - 127 . Therefore the synclironizing tor(|uc under . 
the worst conditions will be 


7 < 7 .1.4 >' 4 

That is to say, the synchroni/.ing torque may be about. 

1-4x4 > 1-12 /0-026-0-16 

of full-foad torque. This would very seriously affect the (.-ornmu- 
tation. 

If we make the damiicr of sufficient conductivity to reduce tlie 
slip to 1 per cent, at full load, we reduce the value of {-j -y) to 0-374-^, 
and the syn’chronizing torque then is only 0-055 of full-load forqde. 

The effect upon the commutation will depend upon the armature 
aippre-tutns at full load and the ampere-turns upon the commu- 
ttitmg pole. 
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Suppose that the raean A.C. an\pere-tums per pole on the arma¬ 
ture are 8000, and that the ampere-turns on the committing pole 
are 6000. Taking 0-066 of 8000, we get 440 ampere tunls added to 
the 6000 during the forward swing, and 440 ampere-turns subtracted 
during the backward swing. If the voltage un^er the brush ” 
(see page 326) is 20 volts, we should get 1-4 volts tending towards 
ovef-commutation on the forward swmg and 1-4 volts tending 
towards under-commutation on the backward swing. If this were 
the only disturbance, the contact resistance of the carbon* brushes 
would be‘sufficient to prevent bad sparking. It may happen, how¬ 
ever, that the disturbance set up by the phase-swinging combines 
with other disturbances, such as those mentioned under ot^er headings"^ 
iu this chaptei, and that the combined effect is too great to be 
quenched by the carbon brush. 

After what has been said above, it is clear that the cures for 
sparking set up by phase-swinging are : , 

(1) Minimize as far as possible the unsteady frequency in the 
supply. This matter is dealt with in Chapter VI. 

(2) Arrange the constants a and c (page 228), of the com/erter 
so as to get as far away as possible from resonance with the phase¬ 
swing of the system. Theoretically, this might be done' either (a) by 
changing the length of air-gap and hence the ampere-turns per pole * 
of the converter, or (6) by changing the moment of inerfta. In 
practice it is not convenient to change the moment-of inertia ; but 
the air-gap can in general be changed over a fairly wide range. A * 
converter such as that considered on page 404 might have an air-gap 
anywhere between 2 mm. and 7 nun. long, if there is enough copper 
in the shunt coils to permit of the larger gap. If the ampere-turns . 
on the armature teeth arc not excessive,.any change of the length of 
the gap through these limits will allow the value of the constant 

c to Iks adjusted so as to avoid resonance. 

Sometimes there are two phase-swings of different frequencies 
in the supply voltage, and it may be difficult to get very far away 
from both of them. This may be especially difficult where the con¬ 
verter has to operate at various D.C. voltages, because the change 
in the excitation necessarily changes the value of c,*and may for 
one of the excitations come dangerously near the resonance point. 

It is then necessary' to rely somewhat upon the next expedient. 

(3) Make the damper as effective as possible. For this purpose 
the copper damper bars should be fairly numerous and of as large 
cross-spetion *• as possible. The joints with end connections should 
be well'made and of low resistance. The end comiectibns.should be 
cdnnected from pole to pole, so that the whole damper forms a sort 

• The ineUuxI of caioulsting the approximate slip to be expected with any given danf^r 
iS given in Specification and Decfyn of Dynamo-EUcIrie Machinery, p. 352? 
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of squirrel-cage around tbe machine; though there may be 
necessarily some gaps in the sjiacing of the bars when the mter- 
poles coiiX . , 

. • 

SYNCHRONOUS C(JNVBRTERS ON SHORT-CIRCUIT. 

a 

Synchronous converters are largely used for traction workand 
it not uncommonly happens that a short-circuit occurs on the trolley 
line or»third rail and leads to a very excessive overload on the 
coivverters feeding the line. When D.C. traction generators are 
subjected to overloads of this kind, they simply drop their voltage 
ivitil the current falls to a reasonable amount; and as soon as the 
short circuTt is removed they continue in operation as before. Syn¬ 
chronous converters do not as a rule behave so well. 'I'licir high 
efficiency and freedom from cross-magnetization on load enable _ 
them to mainiain a high voltage on heavy overload; so that the 
short-circuit current becomes very miicli greater tlian it would be 
with D.C. generators of the same output. .\nd this heavy (mrrent 
causes heavy flifshing at the (ommutator. Tlie arc may extend from 
positive to negative brush holder, and then notliing can prevent the 
bad burning of holders and commutator but tlie bruiging out of the 
breakers on the A.C. side and the complel(; shut-down of the plant. 
Wherf a flash-over of this kind occurs, the commutator and brush- 
holders must J)e inspected and put into working order before the 
machine is started up and synchronized. 

The main difference between the D.C. generator and the con¬ 
verter in this respect lies in the fact that the armature of a D.(k 
generator has a very heavy reaction, wliicli upon a short-circuit can - 
even overcome the series winding and almost instantaneously reduce 
the voltage to a very low value. 

The converter, on the other hand, is provided with flampcrs on * 
the poles, which prevent the sudden rediustion of the inagnetic flux 
when the short-circuit occurs. The flux being maintained for the 
moment at a high value, the armature yields a very heavy currejit, 
say from 15 to 20 times full-load value. In most cases the trans¬ 
formers are designed for a high inductive drop; and before the 
current has reached its maximum the voltage at the terminals of the 
transformers has fallen to a low value. The converter then tehaves 
as an overloaded synchronous motor and goes out of step, in the 
meantime supplying the current to the D.C. system by virtue of its 
inertia. As if, drops in speed, the magnetic field set-up by the alter¬ 
nating ^uftents in the armature, instead of being statioq/lry with 
respect to the field system (as it is at synchronous speed), begins 
^0 revolvtt with respect to the frame and brushes; and violent eddy- 
•currente a'e set up in the brushes as the.armature’s revolving fiqfd 
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Suppose that the raean A.C. an\pere-tums per pole on the arma¬ 
ture are 8000, and that the ampere-turns on the committing pole 
are 6000. Taking 0-066 of 8000, we get 440 ampere tunls added to 
the 6000 during the forward swing, and 440 ampere-turns subtracted 
during the backward swing. If the voltage un^er the brush ” 
(see page 326) is 20 volts, we should get 1-4 volts tending towards 
ovef-commutation on the forward swmg and 1-4 volts tending 
towards under-commutation on the backward swing. If this were 
the only disturbance, the contact resistance of the carbon* brushes 
would be‘sufficient to prevent bad sparking. It may happen, how¬ 
ever, that the disturbance set up by the phase-swinging combine" 
with other disturbances, such as those mentioned under ot^er heading 
iu this chaptei, and that the combined effect is too great to b 
quenched by the carbon brush. 

After what has been said above, it is clear that the cures fo 
sparking set up by phase-swinging are : 

(1) Minimize as far as possible the unsteady frequency in tb 
supply. This matter is dealt with in Chapter VI. 

(2) Arrange the constants a and c (page 228), of the com/erte: 
so as to get as far away as possible from resonance with the phase 
swing of the system. Theoretically, this might be done' either (a) b) 
changing the length of air-gap and hence the ampere-turns per poh 
of the converter, or (6) by changing the moment of inerfta. li 
practice it is not convenient to change the moment-of inertia ; bu 
the air-gap can in general be changed over a fairly wide range. A 
converter such as that considered on page 404 might have an air-ga{ 
anywhere between 2 mm. and 7 nun. long, if there is enough coppei 
in the shunt coils to permit of the larger gap. If the ampere-turui 
on the armature teeth arc not excessive,.any change of the length o: 
the gap through these limits will allow the value of the constant 
c to Iks adjusted so as to avoid resonance. 

Sometimes there are two phase-swings of different frequenciei 
in the supply voltage, and it may be difficult to get very far awa) 
from both of them. This may be especially difficult where the con¬ 
verter has to operate at various D.C. voltages, because the changt 
in the excitation necessarily changes the value of c,*and may foi 
one of the excitations come dangerously near the resonance point 
It is then necessary' to rely somewhat upon the next expedient. 

(3) Make the damper as effective as possible. For this purpost 
the copper damper bars should be fairly numerous and of as large 
cross-spetion *• as possible. The joints with end connections should 
be well'made and of low resistance. The end comiectibns.should be 
cdnnected from pole to pole, so that the whole damper forms a sort 

• The ineUuxI of caioulsting the approximate slip to be expected with any given danf^i 
iS given in Specification and Decfyn of Dynamo-EUcIrie Machinery, p. 352? 
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quickly that they can catch the rising short-circuit current and break 
it before rit reaches a dangerous value, ^uch breakers may Ikj 
operated fly a trip coil, which works onl;)' when the rate of change of 
the current reaches a prescribed limit. 

(2) The second line of pelicy is to prevenl the current from* rising 
to too high a value J)y short-circuiting the converter on the A.C. side 
directly after a short circuit occurs on the D.C. side. Mr. N; W. 
Storer has described * several devices for carrying out this function. 

If thretf of the rings of a converter are short-circuited by means of 
contactors the instant after a short-circuit on tlie D.tl side occurs 
and before the direct current has time to do much injury, tlie voltage 
oithe converter will suddenly fall to a low value and further arcing 
will be presented. The short-circuiting of the rings brings out the 
A.C. breakers, and the plant nmst be restarted. * 

(3) The third policy is the imwt ideal. It aims at. kee})ing the 
converter running synchronously, notwithstanding th(> fault, on the 
system, so that it may resume its duties after the fault is removed 
without the necessity of restarting and synchroni/ing. Unfortun¬ 
ately;, we have dot yet gone quite far enough with the design of the 
converter and its acljuncts to make this policy I’ompletr'ly successful. 
■Many advances have been made, however, and there is hope that 
before long the ideal may l)e realized. In the first ])lac(i, it. has been 
showif that if the air on the face of the commutator and ladwcen 
the brush-holders can be changed rapidly and ke[)t un-ionized, it is 
very difficult lor the arc to jump between positive and negative 
brush-holders. Experiments made with 1500-volt convertru's {)ro- 
vided with a strong draught of pure un-ionized air across the fa(;e of 
the commutator showed that short-circuits on the D.U. mains, 
though they caitscd very b^d arcing under the brushes, failed to make 
a flash-over from brush to brush. The ionized air is produced by 
the pa.ssage of the current througli the short air-,space between the * 
brushes and the commutator. A very st rong draught of clean air is 
required to take it completely away. The next important stej) is 
so to design the converter and its a<ljuncts that the It.C. output on a 
short-circuit is not greater than the A.C. input from the transformer. 

If the damper on the poh's of t he converter is made to embrace only 
the trajling half of the, pole face, and the leading halt of the laminated 
pole jfS left without any encircling copper, any demagnetizing action 
can be made just as operative on the poles of a converter as on the 
poles of a D.C. generator. 'I’he weakening of the field-magnet in the 
event of a short-circuit can be accele.rated by the ujfe of a reversed 
series wincfmg, shunted by a highly inductivi* shunt of very dow 
resistance. The next step is so to adjust the drop in voltage of 4he 
Cpn'vetterWhat it almost corresponds to the drop in voltage of the 

* Sec Britiflh Patent Nos. I, 12459a ; uLso I*. C. Hanker, .\o. 12S543. * 
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transformer due to reactive drop. tliis can be done Buc^cessfully' 
the converter will run in synchronism notwithstanding the heavy 
drop of voltage. It will, in jfact, operate as a converter designed for 
a lower voltage. It is not necessary that the field of the converter 
should be reduced in eiact proportion to the drop in voltage of the 
transformers. Theoretically, it is best to keep the excitation so 
high that the converter draws a leading current, but not so high as to 
approach the point of instability (see page 1J8). Again, the adjust¬ 
ment of the commutating pole must be arranged so that under these 
heavy load conditions the commutating field-strength is suffiojent 
to reverse the current under the brushes; and all ionized air must 
be removed from the commutator as soon as it is produced, l^ie 
arrangement if the air-gap behind the commutating ^ole, as des- 
crtbed on page .S'SO, and the double-brush connection shown in Fig. 
302, will be useful in keeping the commutating flux at the correct 
value. Finally, everything should be done that can be done in the 
way of keeping down the value of the short-circuit current and 
avoiding the breaking of a heavy current, as mentioned on page 408. 
By the combination of all these palliatives there is a reasopable 
prospect of making synchronous converters (even those delivering 
current at 1500 volts), withstand a short-circuit on the line as well 
as a traction generator can. 



CHAPTER XIV. 

OTHER DE^PECTS IN SYNCHRONOUS CONVERTERS AND MOTOR 
GENERATORS. • 

Sharing of the load. 

What has been said in Chapter Vi 1., pages 243 to 27.'>, and Chapter 
XL, pages 369 to 373, on the voltage regulation and the sharing of 
load between generators, applies with ecpial force in the case of 
inoter generators; but there arc some special prolilcm.s tliat arise 
when motor-generators of various types are to be run in ])arallel. 

Synchronous A.O. motor coupled to D.C. generator. A motor- 
generator set of this kind maintains a uniform .speed at all loads, and 
is thus more liable to become unstable by the rocking l)at;kward of 
the brushes, or by the commutating winding being too strong, than 
a machine whose speed drops with the load. When the generator 
is connected in parallel with generators t hat drop their speed on load, 
care must be taken to rock the brushes sufficiently far forwards to 
prevent the synchronous set from taking most of any heavy rushes 
of overload that may conic upon the combined plant: otherwise it 
may be found that on a momentary overload the synchronous set, 
will break step and shut down. 

Synchronous converters are also liable to take more than their 
share of overload when run in parallel with ordinary generators. 
Up to a certain point they can do t his with impunity ; but care mtist 
be taken when there are serious overloads on a station that too much 
of the peak is not thrown on to the willing horse. It is sometimes 
necessary to provide a converter with a reversed scries winding when 
it is to run in parallel with a shunt generator, in’order that its voltage 
characteristic may more nearly correspond w’ith that of the generator. 

Sjmehronons A.O. motor coupled to A.O. generator. Where a 
motor-genqrator set of this kind is imstalled, for gthe pufpose fii 
transferring power from one A.(J. system to another, it is important 
that it shall be large enough to transfer enough power to k^p*the 
tovo ^stafns running at the frequencies which correspond with the 
‘motor And'the generator. 
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It is not possible fo interconnect 'two large systems by means 
of a small synchronous set, because the speeds of the two systems 
are independently controlled, and* the very smallest charge in speed 
of one,of the systems would take it out of synchronism with the motor- 
generator, Where the motor-generator is big enough for the purpose, 
the governors of the smaller system can be set so as to give a suitable 
load* to their respective generators, the speed of the system being 
set by the motor-generator, which in turn has its speed fixed by the 
larger system. “ 

When Several motor-generators of this kind are run in parallel, 
they will, if exactly similar, take exactly the same load. The best 
way of adjusting the load between the setsds by having the stators 
of the generators mounted so that they can be rocked relatively to 
the stators of the motors. By rocking a stator backwards, we can 
adjust the load to the required amount. The power factor can then 
be controlled independently by varying the excitation. 

Where the poles on the motor and generator differ in number, 
special provi.sion must be made, when synchronizing the sets,* to 
see not only that an incoming set is in step with tlie bus-bars, but 
that certain marked poles are in step with certain marked poles of 
the sets already running, 

D. O. motor coupled to A.C. generator in parallel with induction motor- 

generator and converter. 

Home very interesting prol)leiiis can ari,sc in connection with a 
number of machines of this kind, that supply power to A.C. bus-bars 
in common. Consider first the D.C. to A.C. motor-generator. When 
it is connected to the A.C. bns-bars in parallel with other sets, its 
speed is fixed by the frequency of the A.C. supply. The amount of 
power delivered by the set depends upon the turning moment com¬ 
municated by the D.t.l motor to the A.(,'. generator. This again 
depends upon the current in the D.C. armature, and that depends 
upon the difl'erence between the D.C. supply voltage and the back 

E. M.F. generated by the motor armature. In order to be stable, the 
motor must be given a speed characteristic that falls \yith load. If 
the adjustments are such that with increasing load the field becomes 
weaker and the back k.m.f. less, the motor will be unstable (see page 
369). Referring to Fig. 235 and to what was said about the various 
effects (a), (b), (c), (d) and (e) on pages 248 to 267, it will be seen 
that the effect (a) always tends to stabilize the motor, and that effects 
(c) and {d) will help in the same direction if the bruslies are rocked 
forwards. The effect (e) will also help if the commutating-pole 
adjustment is on the weak side. The effect (b), however, always 
tends towards instability. 

• SpD It, Towncoii, Jourml LE.E,, vol. 55, p. 197 (1917). 
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It ^vill be seen that the slop^ of curve ( 6 ) in Fig. 235 increases as 
the load imrreases; so that although the motor may be stabilizwl by 
efiects (a),> 6 ), (c), (d) and (c) at light loads, it may be found that after 
a certain load is reached the motor becor\ies mistable that, is to 
say, it takes more and more load and brings out the breakers. This 
diflRculty is very much emphasized if the D.t'. supply voltage, is 
unsteady. The problem of making a number of macliines of t his 
kind share their load may be rather difficult. 

In file first place, the D.C. motor designed for this work sliould 
have a fairly large air-gap and an unsaturated field-ma’gnet. Its 
armature should not be too strong as compared with its tield-magnet. 
hWerythina should be done to prevent super-saturation of the teeth 
at the highest loads contemplated. A tapering of the air-gap, ,as 
shown in Fig. 242 (the larger gap being in this case under the leailiiig 
horn), will help a great deal in straightening the (/;) curve (Fig. 235). 
When the D.C. .supply voltage increases, it causes a corresponding 
increa.se in the field-current; and if it were true t hat the magnetic lUix 
increased in the^same proportion, the back k.m.f. of tlie motor would 
also increase in’proportion, so that there would not l)e too great a 
difference between it .and the supply voltage. 

[Jnfortuiiately, the flux does not increase in proportion to the 
exciting current; so that a rise of 3 or 4 j)er cent, in the supply 
voltage may cause a very heavy current to flow tlirough the armat.urc, 
.and, the eliect«( 6 ) setting in, the motor becomes unstable and brings 
out the breakers. One way of overcoming the difficulty is to arrange 
for a small exciter to be driven by the motor-generator. This exedter 
should generate a voltage. V„ ecpial to al)Out half the sup})ly voltage, 
and should have its frame magnetically saturated, so that its voltage 
is nearly proportional to its speed. The field coils of the motor- 
generator set should be arr.anged in series-parallel so as to require 
only about half the .supply voltage. The exciter is then (atnnccted 
in .series with the coils and the main supply voltage, in such a 
way that its voltage is opposed to the main supply and tlu^ coils 
receive a (airrent that is proportional to the differeiua' l’„, V,.. 

If now F,„ increa.ses by 1 ])er cent., the ex(dting (airrent will increase 
by 2 per cent. It is not diffic ult to arrange the field-frame so that 
an incscasc of the field-current by 2 per cent, corre.sponds with an 
increise of the flux by 1 per cemt. or thereabouts. 

The back e.m.f. will then be more nearly |)roport.ional t o t he voltage 
F,„; and fluctuations in the .supply will not lea<l to .serious flu(;tua- 
tions in the l<*id of the motor-generator. » , , 

Another advantage of the arrangement described is’ that* it 
compensates in some measure for changes in the frequency of fbe 
systerfi supplying the induction-motor-generator set. Without it, 
an inerdastf in the frequency is accompanied by an increase in thfe 



4M diagnosing pp TRGUBLJS IN DXNi^UB ^ ; . . 

speed of the D.C. mofor-generator set; and as tie back e.m.p. 
becomes almost equal to V„, the load on the motor feU|»to a low- 
value, so that the induction-moter-generator set has t^do nearly 
all the .work. With the arrangement described, an increase of speed 
increases F„ so that the difference V„ — Vg becomes less, and more 
load is thrown on the D.C.-motor-generator set. • 

Tlie induction-motor on the A.C. to A.C. set should be designed 
for a reasonably large slip, say 2 or 3 per cent., in order to make the 
conditions more stable. ^ 

The arAngement of the special exciter described also gives greater 
stability of running in parallel with the synchronous converter, 
especially in the case when this is fed fromA different D.C. supply 
system. The_ converter should be supplied with a‘reversed series 
winding in order to give it stability. 

Most complicated cases of parallel running between machines of 
different characteristics can be dealt with by means of automatic 
regidutoi-s of the Tirrill type, specially designed to meet the circum¬ 
stances of the case. When this is done, it is most essential that the 
man who designs the regulator shall have a complete understanding 
of the characteristics of the various machines and the circumstances 
which cause them to be unstable. 

Synchronous converters running fi-om D.C. to A.C. 

Sharing of the load. When running in parallel with other synchro¬ 
nous machinery, the speed is of course fixed by the frequency of the 
system. To make the power flow from the D.C. side to the A.C. side, 
it is usual to reduce the excitation a little below the excitation corre¬ 
sponding to full voltage at no-load. The lagging current drawn 
from the A.C. system tends to lower the D;C. voltage of the converter 
below the voltage of the D.C. system, and power flows from the D.C. 
system to equalize the voltage. If an A.C. booster or an induction 
regulator is employed, it is po.ssible to vary the load without changing 
the excitation of tlie converter. Where there is a synchronous 
generator in parallel with the converter it is possible to vary the 
pow'er factor of the load taken by the converter by varying the 
excitation. Tho higher the excitation the greater the lading* 
current taken by the machine. 

An ordinary steam-driven generator will not sh^ire the w.attful 
load with a synchronous converter unless special precautions are 
taken to adjust the characteristics of the machines. The amount 

*'Note i'lat as tho convertor U acting as a generator it is usual to take the^direcUon of 
the^current os positive when it U flowing along a conductor away from the converter, 
and a positive e.m.p. is taken in the same way. Thus a lagging current from this 
generator point of view* is exactly the same os a leading current when the converter ia 
ivgarded as a motor and the direction taken as positive is reversed. 
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of load upon the steam set depenjls only on % steam supply and this 
depends u^n the settmg of the governors. A synchronous converter 
with low resistance in its transfonners tand armature will maintain 
the voltage at the A.C. terminals fairly steady over wide ranges of 
load independently of its-speed. When the load fluctuat^ the 
converter tends to take more than its share of the fluctuations, unless 
the resistance in circuit is adjusted to make the drop in voltage 
sufficient to keep the fluctuations down. Another way of stabilizing’ 
the converter in these circumstances is to provide an A.(\ booster 
in series with the armature, and pass the direct current fed to the 
commutator through series field-coils on the booster, wJiicJi is 
awanged to^ boost down in proportion to the load. By adjusting 
a diverter in patallel with the series coils the converter can be made 
to share wattful load in a reasonable manner for any given setting 
of the engine governor. 

Unsteady frequency of A.C. side. If there is no svmchronous 
generator in parallel with the converter, the frequency of the A.C. 
supply will depend upon the .speed of the converter, and that again 
will depend upon the state of excitation of the converter. Let us 
suppose in the first case that only shunt coils are provided on the 
field-magnet’^ the machine then runs as a shunt motor, and what 
we have said on page 369 about the speed of shunt motors is appli¬ 
cable ;* but in addition to the various factors there considered which 
influence the speed, there is another important factor, namely the 
amount of wattless A.C. load. 

When an A.C. generator is delivering a lagging current, that 
current weakens the field-magnet. As a synchronous converter 
Binning from D.C. to A.C. behaves on the A.C. side like an A.C. 
generator, any lagging current, such as magnetizing curnmt supplied 
to induction motors, weakens the field-magnef. and causes the speed , 
of the converter to increase. An increase in the frequency of the 
circuit is accompanied by an increa.se in the self-iiiduction effei't of 
the circuit, so that the lagging component of the current Ixicomes 
greater and the increase in speed greater: .so that if there is fio 
stabilizing influence a shunt-wound synchronous converter feeding 
a lagging A.C. load will tend to run away, and may attain a dangerous 
speed. , For this reason it is well to install a speed-limiting device, 
which will automatically cut out the converter’ from the supply in 
the event of its attaining too high a speed. In addition, it is also 
usual to employ some stabilizing device which automatically keeps 
the speed nearly constant, notwithstanding the laggi?jg load,thrown • 
on to tho machine. One common form of stabilizing device is i3ie 
following: A separate exciter is directly connected to the con¬ 
verter^ as to run at the same speed ; after the converter has been 
Brought‘up* to speed the armature of thc> exciter is connected in 
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paral/eJ across the ternjinals of the excttiag winding of the converte 
ficJd-inagnet, and then the connection with the D.C. Ms-bars h 
broken, so that the machine runs as. a sepaiately-excitm machine, 
The exciter is specially^designed with an unsaturated field-magpet, 
and the resistance of its* shunt coils is adjusted to the critical resist¬ 
ance, which brings the resistance line, Fig. 230, just a little below 
and’almost coincident with the straight part of the magnetization 
curve (see the 100-ohm line in Fig. 230). In these circumstances the 
voltage of the exciter is extremely unstable : the smallest increase 
in speed riiakes the exciter build up its voltage to a high point, *nd 
a small decrease in .speed makes it drop its voltage to a very low point. 
If now there is any tendency for the converter to increase its spe#d 
through the action of lagging current upon the armature, a small 
increase in speed causes a great increase in the exciting current, and 
thus the machine is stabilized. 

Where in converters of this kind there ari.ses trouble in speed- 
control, the following points should be looked to: The voltage 
across tlie armature of the exciter should be measured, to see whether 
its value agrees with the intended exciting voltage. " SoTnetime? tw'o 
rheostats are provided, one in circuit with the exciter shunt coils, 
and the other in circuit with the magnetizing coils of tlic converter. 
If the latter rheostat has been moved round to a point which calls 
for too high a voltage to be generated by the exciter, it may be that 
that machine is no longer on the unstable part of tha magnetization 
curve, and is therefore unable to change its voltage through a suffi¬ 
ciently wide range when the converter changes its speed. It is well 
to run the exciter at various .speeds from a little below normal to a 
little above normal, and to note how the volts change with th^ 
speed. If the machine has been properly designed for its puq)ose, 
one should expect to get at least 5 per cent, increase in voltage for 
1 per cent, increase in speed. In taking this test,, it is necessary to 
see that the brushes of tlie exciter are placed on the true no-load 
neutral; the rocking of the brushes forwards tends to stabilize the 
ejfciter. After the volt-speed curve has been taken and found 
satisfactory, it may be well to rock the bru.shes a little backwards to 
a point at which good commutation is still possible; the rocking 
backwards still further increases fhe instability of the voltage. If 
the magnetic circuit is undidy saturated at the lowest point at _)vhich 
it is possible to feed the exciting coil, it may be necessary to replace 
the exciter by one having a larger cross-section of iron in its magnetic 
circuit. 
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liNDl’ITIO.N MO'lYdiS. 

Starting. 

Squirrel-cage motors starting on reduced voltage. Wlicii flio 
cDiKlitioiis are such that the motor can l)c started lieht. a s(iuirrel- 
caf'c motor may l)e employed, .started by means of taps taken from 
an auto-transformer, which supjdy to tlie terminals a lower voltage 
than the normal: the object being to ke(‘p down the current in tlie 
line at starting.* Sometimes a motor refuses to start becausi* the 
voltage provided by the auto-transformer is too low to yield the 
re(pnsite turn’jng moment, h’or any givcm power lactor in the rotor 
'circuit, the, tonjue e.xerled by an indiu iicm moto]' is proportional to 
the stjuare of the voltage. .\ .S(juirrel-i'age motor designed for high 
^ etliciency and small .sli)) will have a verv low pow<‘r factor at starting, 
because the value of the reactams’ of the .secondary circuit, 
is great as com])ared with R,. the resistance of this circuit. This is 
because the frecpiency of the slip, denoted liv/,, is at starting e(pial 
• t('. the frequenc.y of supply. I'lven with full voltage applied to the 
■stator winding, the tonpic may be oidy a small fraction of the full¬ 
load tonjue ; and. when the voltage is re(lnce(l on the aiito-lrans- 
former, the starting tor(|Ut^ may be insidlicient to overcome the 
initial friction. Suppose, for example, that the starting torijiie* 
at full voltage is Og.5 of full load torque, and that the anto-trans- 
former cuts down the voltage to one-third of full-load voltage-. The 
starting tonpie will oidy be (>()‘28 of full-load tonpie, ami this may 
be too small to overcome the initial friidion. 

It is necessary to enquire : (1) What is the valui- of tiui voltiige 
at the terminals of the motor cm starting t (2) I.A the Initial friction 
lumecessarily high t 

(1) An voltmeter should be connected across the terminals 
of the motorjafid the voltage shouhl be observe-d wheq the smarting, 
switch is closed. It is well to check the voltages on all phitses, ili 
order to see that they are .symmetrical. Tim juessun! may 1 a; 
lo\w on’accftunt of voltage drops (a) in the supply system, (b) in the 

* SjwciJiftition ami Iksifj/i of tJi/mimo-EkrJrk Rarhiiuri/, p. tUt. 
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auto-transformer. Usually it will be found that it is the autn 
transformer that is in fault, and that by changing to ^*igher la) 
mtfficiont voliagti (‘fin be ohfaiiiecf to start. ^ 

(2) Where a motoa has been standing for some time, and nh 
the oil has run on t of the hearings, the initial friction way be excessive. 
Hacring round the motor once or twice will cifre this. Sometimes 
th(! gear to be driven by the motor at starting is very much more 
(lifliciilt to drive than was anticipated, and the system of^starting 
may be entirely unsviitable. An increa.se in the resistance of the rotor 
circuit l)y the use of high-resistance rings on tlie squirrel-cage, instead 
of coy)per rings, will improve the power factor of the secondary 
(ircuit ami give the motor a better starting torque. ,The.se riiTgs, 
however, will reduce the efficiency of the motor when running at 
full-load. In all cases when the .starting torque is fairly heavy, 
induction motors of the slip-ring type or of the doulde-winding type 
should be installed. 

Another cause of failure to start may lie in an open circuit, ta 
a uu.sconnection of some of the windings, see pages 36 and 198. 

Star-delta starting. A motor (h'signed to run at full Voltage 
with its windings in delta may la? stalled up with its windings con¬ 
nected in star. 'I’his has the elTect of throwing only 58 per cent, 
of the full voltage acro.ss each i)hase. The starting torque is Reduced 
to 34])er cent, of what it wouhl be with the windings connected in 
delta, and the starting current is reduced by ‘l“2 per'cent. A failure 
t.o start may be due to : (1) insufficient voltage at the terminals: 
(2) the initial friction being unnecessarily high. 

(1) 'I’he first stc)) is to inspect tin' star-delta controller, to .see 
that all connections and contacts are iii order. It .sometimes hai)pelis 
that the .switch contacts of a controller do not make conta<‘t. although 
they appear to do so ; and as tin' coutrollc’' is generally immcr.sed in 
oil it may not be possible to get a good view of the contacts under 
working conditions. It is a good i)lan to put an ampere-meter in 
the circuit of each phase, to .see that the current is actually flowing, 
and to check the voltage across each pha.se. 

(2) What is said under the last heading with re,<fard to initial 
friction applies also to motors started on the star-delta .sy.stem. 

Slip-ring motor?. In cases where the starting torque is consider¬ 
able, it is usual to instal motors having wound rotors connetted to 
slip-rings, so that resi.stances can be connected in .series with the 
rotor at starting. Where a motor of this type refuses to start, it 
Is a gqod plah to check the current in each of the rotor circuits by 
iiieans of an amperemeter: this shows definitely whether the 
circuits are complete, and whether they are. reasonably balanced. 
If they are not complete, the circuits must be checkeil over by the 
'methods already described in Chapters I, and III. All connections 
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should be thoroughly checked, to see tlmt the current is flowing 
through ±he full resistance wlieh the controller is on the first, notch. 
The resiOT.inces should also be measured, to see that they are of tlie 
right amount. 

The stator circuits shoyld also be checljed. Sonietiines fhcre is 
an open circuit in one of the phases, or one of t he ])hases may be 
reversed, giving rise to an unsymnietrical field. 

Excessye current at starting. 

There are several causes that may lead to a motor, taking an 
exce.s.sive current at .starting. 

Squirrel-cage motor switched in when running at flill speed. .V 
motor-geuA'ator consisting of a s(|uirrel-cage induction motor direct- 
connected to a ]).('. generator is commonly started on the !),('. 
.side; and when running at full speed the stator winding ol the 
induction motor is switched on to t he mains. It is found in t he.secases 
that a very heavy instantaneous cnrn'ut flows through tlu^ stator 
winding; and unicss the coils arc' nu'chauically very strong they 
may be injured by the great maguc'tic forces that come uixm 
them. 

llcforc the switch is closed there' is no magnetie tiu.x encircling 
the windings. When the .switch is closed it is nt'cessary lor the' tiu.v 
to inwease at a rate suflicie'iit to ge'iienitc' a Isiek k.M.I'’. almost e'e|ual 
to the voltagej of supply. But this flux cannot grow in the' rector 
iron without .setting up e'nonnecus eurre'iits in the rector bars; and 
these call for eneernucus currents in the statecr winding tec neutralize 
them. Thus for the' first in.stemt cefter chesing the' switch the' mector 
behave's as if it were ecu sheert-circuit. Ice'cemse althecugh the rectecr bars 
are meeving at lull .sjceee'el there is me Ilux leer them tec cut. I he' llu.v 
at first grows jilecng the leakecgc' paths hetwe'e'U the' statecr iind rectecr 
winelings ; and it is ecnlv as the heavy eddy-current in thee rectecr elie's • 
elown that it takes up its mcrncal jcecsiliecu emlcneecing beetle winelings. 
The current in the statecr feclhcws a ve'iy eeemplex law. Its Viilue at 
any instant in any pai'tie'ular phase' of the' winding deicemds upecie the 
position eef the beend ecf eddy-eurre'icls in the' rectecr with re'spe'e't tee 
tliiit phii.se'. This Icand ecf euire'nt is carried bcrwiciel with the| rectiiliecn 
of the rerteer. anel affects eae’h phiise' ue turn Jis it graelually elies ehewn. 
If the’rotor is not reveclving at .synchieciious spe'e'd at the' instant ecf 
shorl-circuit, there will be in ieehlitiecii tec this e-urre'ut a tecrepie; cuirecnt 
in phase with the flux. 

Fig. 328 s^ows two eescilleegrams taken by Bred. K. W. Marcliant 
on a 300 horse-power sepiirrcl-e-age ineluetiecn mecteir e-ouple'el iif a 
direct-current generatecr ecf 220 k. w. outjmt. The; mot.ecr was S-phase, 
^tar weai'id. with OOOOvedts betwe'cn the lines. Ihc freepiency was 
•50, and tVe synchreenous spc(;el 428 n.i’.M. 
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Before Fig. 328 (6) was taken, the rotor was brought up to 
synchronous speed liy* means of the 1).C. generator running as a 
motor. The switch was closed when there was no slip, ^he oscillo¬ 
gram shows the voltage acro.ss phases A and C, and the ciwrent in 
phus(! ){. 'I’he voltag(! is at right angles in phase to the voltage 
l'„. It will be seen from the diagram that the, tall negative lobe 
of current is almost in pha.se with -that is to say, it is almost 
at !)(f to the voltage V„. This is what one would expect on an 
ordinary locked short-c-ircuit test. The eddy-current in tl»3 rotor 
rapidly di(w down, and the current then falls to its no-load va|,ue. 
The maxiimnii value reached by the stator current was 380 amperes 
per pha.se, corre.sjauiding to an K.M.s. value of 270 amperes. As tjje 
full-load l•urrtnt is 26 amperes per phase, we see that unddr the above 
ihsa'iibed conditions the current on switching in may ri.se to more 
than 10 times lull-load current. 



In the ca.se of Fig. 328 (a), no special c'ar<' was taket) to bring the 
speed (>.\actly to .synchronous speed. 'I'he lurrcnt scale here is 
I mm. 17 amperes, .so that the maximum value of the current is, as 
tx'forc, about 380am|terc.s ; but the time taken for the current to 
all to t\ormal value is haiger. 

'I'he stn'sses upon the winding depend upon the maximum value 
)f tht' current. 'I'his may be take)i as a little below twK-e the maxi- 
auim valiK' of the current that the induction motor woidd take with 
the rotor locked and short-circuited. 'I'he current will be greatest 
f the switch is closed ju.st after the voltage in one t)f the phases is 
«ero. 'I’his allows an interval of time espial to half a period for the 
•urrent to rise, so that it rises to almo.st double,'the value it 
ivtSyld re.ach if Ihe switch were clo.sed wlien the voltage'wjis at its 
uaximum. 

It may be that the winding is strong enough to resist-‘thc*gre<\t 
•ush of current wit hout reyeiving any visible injury ; but tVc repeated' 


INDUCTION MOTORS 


421 


shocks as the machine is started up day after day liave an accmuu- 
lative e^ct in distorting the winding and breaking the insulation. 
(!ascs Ijav^ been known of indilctioif motors running for several 
months as thougli they withstood tlie slujck ))erfoetlv: and tlicn 
witliin a short interval of fime all the motors have broken down one 
after the other, tlx; cause being the disintegration of the insulat¬ 
ing tubes near the ends of the slots, or the insulation befween 
turns. ^ 

One way of overcoming the trouble is to install a^ choke-coil 
between the main switch and the motor, and to arrange another 
switch to short-circuit the coil after the motor has been switc hed in. 
.tchoke-c^il of (piite small capacity will have very licnelicial re.sults. 
Thus a coil whose inductance is eijual to the inductance of the mojor 
windings on short-circuit will reduce the current to one-half and the 
mechanical forces to one-(piarter. 

Another trouble that sometimes arises when an induction motor 
is suddenly .switched on to full voltage is the, breaking down 
of insulation Ijetwecn turns. The turns of the coils nearest the 
terifiinals of the motor are especially lial)le to this trouble. 
Before the switch is closed aii electrostatic tield. due to tin; 
full pressure of the supjdy, e.xists between the contact surfaces 
of tlje switch. When the switch is closed, an electric wave 
is transmitted along the conductor; and the wav(; Iront may be 
so steep that tlie difference of potential between two conductors lying 
in the .same slot may be jutieli greater than the insulation between 
them can withstand. For this reason the coils near to the terminals 
of all high-voltage machines that may be subjected to el(;( tric waves 
■iirising from switching operations should be .specially well insulated 
between turns. • 

Power factor of the rotor circuit too low. 11 the re.sistance of, 
the rotor circuit is loo low as compared wit h t la; reactance at, .starting 
the current in the rotor will lag so far behind thi‘ phase position of 
the flu.x as to yield very little lonpie even though the curient inay 
be e.xcessive. If the rotor is of t he ,s(purrel-cage ly|)e it may be neces- 
.sary to change the end rings for lings of smaller cro.ss section or rings 
made of metal of lower conductivity. \\ here the rotor is of the .slip¬ 
ring type it is an easv matter to ailjust the resistance; to the value 
whi(*li gives the lowest stator curroit at starling. 

Applied voltage too high. Any of the above mentioned causes 
of failure to start may lead to e.xces.sive starting current if the voltage 
applied toAlid stator is increased in an attempt to start, w ithout hrst 
curing the real cause of the trouble. If the voltage is increased two¬ 
fold, fhc torque will in general be increased four-fold, .so that the motor 
.ftiay start notwithstanding a .serious defect in its connections or 
adjustments. The starting current howeVer may be twice as grftit 
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,«it should be, and as the power factor is low this may cause an undue 
Irop in the voltage of the system. ^ 

The taking of excessive (hirren't at'starting may, of^coyrse, be 
lue to n misconnection pr one of the defects in the windings con- 
idered in (Jhai)ter 111, and it may be necessary to completely test 
ut tjie windings by tlie mctliods there considered. 

Irawling of induction motors. ^ 

Sometimes a S(|uirrel-cage motor after starting will crawl round at 
J)out. one-.seventh of its normal speed and refuse to go any fa.stcr. 
'his is due to a .seventh liarmonic in the field-form, wliich gives rise 
o a t.oot li-shaped proj(!ction on the tor(|ue-speed curve t us shown 
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n Fig. T2!t. 'I'he seventli harmonic in the field-form makes to a 
ipple that travels forward at one .seventh of the synchronous speed 
)t the motor. 'I’he wlu)le torque of the rotor is made up of the torque 
lue to the main revolving field plus the torque due teethe seventh 
liarmonic. 

'I'hc torque is greatest when running slightly under synchronous 
speed. If we drive the motor aliove synchronous spiA'd the Itirque 
becomes negative. Now the torque-speed cui've of the seventh 
harmonic is.of the same general shape as the main curve and cro.sses 
tiro, zero'dine at’one-seventh of full speed, as sho\\'n by the dotted 
curve in Fig. 329. 'I’lie fifth harmonic gives a ripple w’hicli moves 

•Soo |>a(H’r by (’attcinoii Sniilh, Joiirn. Inst. Khc. Engineers, vol. 40, ()! 635^1012', 
n, whicli the crawling of iiuluctiou motora ia very luciiily r.\plainc(l and faom which the' 
iIhivo liaurc ia taken. 
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ill the direction opposite to the main field. It gives rise to a negative 
torque, a^ shown by the dotted-curve line to.the left “ stand still " 
line. - 

When the torques due to the fiftli and seventh harmonies are 
superimposed upon that due to the fundaiuental wave we get. the 
torque-speed curve shown by the full line in Fig. 32!). We see that, 
as the motor starts from re.st the torque increases up to the little 
peak, and then rapidly diminishes as we approach what is the’svn- 
chronous .speed for the seventh harmonic. ,\bove that speed the 
torque still diminishes, liccause so far as that harmonic is^concerned 
we are getting a braking action. It is not until we have increased the 
sijeed by an amount which taki's it well past the one-sevimth speed 
that the tta-que again begins to increase. If now' the friction of the 
motor should be such that it requires .1 tonpie greater than that 
supplied to the rotor in the region of the oue-.seventh speed, tlie. 
motor will crawl round and be perfectly stalde in maintaining its 
speed betw'een certain limits. 

If the motor is started from an auto-transformer it may be 
sullicient to change the starting taj) so as to give a slightly higher 
voltage. If this cannot be done tin- difliculty may be got ovc-r by 
reducing the torque required at starting by some cluinge in the gear 
to which it'is attached; a very small change in the iwpiired tonpie 
may be sniHcient to take the motor over t he dip in t he curve. Failing 
these expedients it may be necessary to make changes in the motor 
itself. The increa.se of the resistance of the end rings of the squirrel- 
cage will increase the starting torque. Rings arc sometimes arrangeil 
so that raw cuts can be made in them to increase the re.sistancc 
^without weakening tlie mechanical supjxnt of Ihe rings. 

Where the stator of an induction motor is wound with a full- 
pitch three-pha.se winding, the field form has a juonounced seventh 
harmonic. • 

In cases where the winding lies in two layeis, it may be a com)mra- 
tively easy matter to short-chord it and reduce the siwenth harmonic. 
The best amount of shorl-chording for this purpose is 30". Thus, 
if there are 12 shots per pole tin- short-chording liy two slots efTeets 
a very great improvement in the held form. The coils should lii' in 
slots Nos. 1 and 11, instead of slots Nos. 1 and 13. If there are oidy 
9 slots per pole the coils should lie in slots Nos, 1 and S, 2 and 9, etc., 
in order to get a smooth field form. 

Excessive slip. 

Excessive resistance on the rotor circuit, (hi wound rotors 
provided with slip-rings the brush resistance is sometimes hiore fhan 
,was«nteiided by the designer and may lead to exi'cssive sli)). Mfitors 
• intended io be run with the rings short-circuited should be provided 
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with a short-circuiting clutch inside .the rings, so that the rotoi 
current does not pass through the brushes except at starting Where 
this is not supplied great care is needecl,in the bedding of the brushes 
and the adjustment of the holders to secure good contact .between 
rings and brushes, (hujd graphite-metal brashes can be obtained 
on which the voltage drop is not Tiiore than 0-25 volt under actual 
service conditions, see page 307. If now thti rotor winding is 
de.signed for voltage at starting as high as 400 per phase, the 
resistance of the brush will not increase the slip by O-I per cwt. If, 
however, |lie voltage per phase is as low as 100 and owinj^ to 
chattering and bad contact, we are getting ii drop in the brushes of 
0-75, the slip will be increased by a corresponding amount. 

In s(|uirrel,cage motors the slip is sometimes increated by bad 
coptact between the l)ars and the end rings. On wound rotors one 
of the phases of the rotor may be open either in the rotor itself or 
in the controller. Sometimes the slij) is greater than expected 
because t he load is greater than expected. If the voltage at the ter- 
ininals is low the slip will be increased. 'I’liis is especially the case 
in motors designed for a low |)ull-out torcpie. 

Low power factor. 

The })ower factor of a motor may be low on account of (1) the 
magnitiule of the magnetizing current or (2) the excessive vaiue of 
the magnetic leakage at full load. 

If th(“- current, taken by the motor at no-load is measured find 
compared with the designer’s data it will be seen whether it is neces¬ 
sary to search for some cau.se of excessive magnetizing current. 

A possible (aiuse is air-gap too great or unsymnietrical. This 
should be^<'hecked with ieelers with the rotor turned through various* 
angles up to 300 . Sometimes the rotor is slightly eccentric on the 
shaft. If the stator has been mounted so as to give an even air-gap 
all round with the rotor in one position the clfect of the eccentricity 
will be doubled when the rotor is turned through 180'\ As the rotor 
revolves the air-gap at t wo ])oints, 180’ apart, becomes alternately 
great and small. This .sets u)) a demagnetizing eddy-current in the 
rotor and calls for a larger no-loarl current. iSuch a rotor should be 
taken out of the stator and an investigation shoidd be made to 
determine the reason of the eccentricity. In sniiill rotors which have 
their laminations pressed ilirectJy on the shaft, the eccentricity Inay 
be causeil by the springing of the shaft, when the laminations W'ere 
pressed home. In cases of this kind the shaft can be straightened 
f'l'g if a judi('ious amount of bending in the right direction. 
On big rotors too, when the shaft has been bent by any accident it 
can usually be straightened without takmg off the spider.- t 

If the laminations are loose on the spider, they can be^tightened 
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,m by drilling holes between them and the spider and driving in 
kevs. Judgment must be exercised in the* arrangement of these 
keVs in ord^r to get the working face o^the rotor conceiflric with the 
shaft and perfectly cylindrical. 

When everything has lipen done that citii be done in theVay of 
straightening the shaft and keying the laminations and spider, if 
it is found that the surface of the rotor is still eccentric with the sliaft , 
two alternatives are possible, (a) to grind the surface of the rotor, 
(b) to kurn the journals concentric with the rot(.>r surface. If tiu' 
air-^ap is already as great as is allowable, the .s.‘eond idlernative 
may be the right one to choose although it will involve the re-bab- 
bj^ting of the bearings. 

Anothef possible cause of excessive magiu'ti/ing current is the 
saturation of the magnetic circuit. This is a matter for the desigmu' 
to deal with. All that the outside engineer can do is to satisfy him¬ 
self that the correct voltage has been a])plied to the stator windings, 
and that these are free from short-circuits, o])eu circuits, or reversed 
coils, 

Ij the magiretizing current is normal and the low jmwa'r factor 
is due to great magnetic leakage on load, this is again a matter lor 
the dcsignei'. 

• It not uncommoidy happens that the low power factor of the 
combmed load of a number of indiu tion motors in a factory is due 
to the fact tha^ the motors are on the average much under loaded. 

When the amount of power recpiired to run any machine is 
unknown there is a tendency to choose a motor a good deal too big 
for the work, and a number of these motors may bring down the 
average power factor of th(‘ laclory. .\fter the work to be doiu! by 
each motor has been ascertained it will be possibhi to shift, the 
motors around, giving bigger tasks to those lightly loaded ami in- ^ 
stalling smaller motors where necessary. 

Where big motors (.say IttlO ii.n. or over) ol the slip-ring type have 
been installed, and it is very important to improve the ])ower factor, 
a phase-advancer * can be in.stalled with advantage. 

Pulling-out oA load. 

T’osevery induction motor running with a given voltage acro.ss its 
terminals there is a maximum lonpie beyond’whicli it cannot go. 
The maximum i)oint of the tor<iuc-si)ee(l diagram (see h'ig. :i2i)) 
will occur at a point not very far below synchronous s])ee(l if the 
resistance i^ Ibw, and at lower spcaals as tlu; resist ayce of tjie rotor 
circuit is‘increased. This maximum torque cannot be iticrea.^cd 
except by increasing the voltage or by the addition of auxiliary 

•• .S|#> SiKCificution and Vesiijn of Vijnamo-Ele^ric Machimr'j, p. (iOa. 
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(lcvi(;es tor advancing the phase of the rotor current. It 
is therefore important, wiien ah induction motor 4 s t)eing 
in.stallcd fol any particular duty, to see that the tqfque which 
the motor can exert will carry it through its work ; for if at 
any tinui the load cilils for a turning moment greater than 
the motor (;an yield, the motor will “ pull out ” and stop. The 
current taken from the line is then the short-circuit current on full 
voltage, 'I’liis will i)ring out the circuit breaker and the motor will 
have to be restarted. As the turning moment is proportional to 
tlic square of the voltage, a droj) in the line voltage may increase 
the liability of a motor to pull out if it is worked near its maximum 
torfpu;. - 

Where inconvenience is cau.sed through a motor bccasionally 
pr.lling-out., the right cure is to instal a new motor with more suitable 
characteristics. Where this cannot be done, a rather good palliative 
is to arrange the switch gear so that the circuit-breaker operates upon 
a time limit, while another circuit-breaker inserts, in series with the 
rotor, resistances designed to limit the current drawn from the line 
and to enable the motor to start \ip under load. The motor.then 
starts automatically as soon as the shock load goes off, and the 
attendant can Ihiow in the rotor circuit-breakers as soon as it is 
up to .speed. 

'I'lic torque of an induction motor can be increa.sed by cutting 
out some of the stator turns, but this should only be done on the 
advice of the designer. 

Other troubles with induction motors. 

'I’lie (•auses which may bring about a high temperature list; ip 
induction motors and ot her machines were dealt with in ('hapter II. 
Li)w efrK'iency was ilealt with in ('hapter H I. In measuring the power 
taken by a polyphase induction motor, it is never safe to a.ssume that 
the })ower on all phases is approximately balanced. A case occurred 
not long ago where a single-phase wattmeter was installed on one 
phase of a two-phase motor. After the motor had been installed 
for six months it was found that the nieter gave a negative reading, 
showing that, on the whole that phase Inwl supplied power to the 
mains iiustead of taking power. It was then found that the phases 
were slightly unbalanced and that w hen the motor was running light 
(which was for the greater part of the day) one phase took power 
from the mains and the other phase, which contained the meter, 
yjelded power to the mains. 

• Even when a pol)q)hase wattmeter is employed, workih'g.upon the 
ordinary two wattmeter method (see page I 08 ), the greatest care 
must be e.xercised in connecting it to potential transfonheis apd 
aeries transformers to see that there is nothing in the wtiy in which' 
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these transformers are interc6nuecte(l or earjliwl that will vitiate 
the argun?ent upon which the two-wattmeter method is proved to he 
correct. , Atase came to the notice’of the author in which a synchron¬ 
ous motor was supplied from a high-tension switchboard of stiuidard 
design. There were two pdyphuse integrating wattmeters ojH'iated 
from potential transformers and series transformers in the ordinary 
way, and there was no reason to doubt the readings of the na’ters 
until it j'as found that when the motor was running light the meters 
went backwards. On full load the meters appealed to rearl correctly. 
aiKl’metcr e.xperts declared that the connections were alf in order. 
,Vs it was obvious that the motor eoidd not .supply power to the 
syftem, thrje single-phase meters were installed, one on each ])hase. 
The.se showed tliat the motor was taking its losses from the niidns, 
us might be expected, although the polyphase meters continued fo 
run backwards. The explanation appeared to be that, a connection 
to a trip coil was made from the star point of the* seric's transformers 
to earth, and this was sutficient to vitiate the statcuncmt (sc'opicge KHI), 
that Vi ^0. Thus the chidn of the argument upon which 
the vtilidity of tlie two-wattinetcw ncethoct is based was broken, icnd 
consecpiently two wattmeters were not sutficient to give a corrc-ct 
, reading of the jeower. 
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TIIK USH OK THK OSOILLOGKAI’H IN GOAIMKUCJIAL TESTING 

. 1 . 

General requireihents. 

Kor tlic ])ur))().sfi of tostiiig electrical machinery it is very desirabh 
that th(! o.scillogra])h oiitfit * ii.sed should he easily portable, con 
venient and e.\i)edit ions in use, and adaptable to a wide range o 
voltage and current measurements. It is often neces.sai'y to measun 
1 hree (pianfities at the same time, and for this purpo.se thres; vib^at ini 
elements shoidd be provided each with its own field-magnet 
Ade(|uate amplit ude should be obtainable on the oscillograms so that 
quantities may be measured off with a reasonable accuracy, anc 
the photograi)hic arrangements should be convenient. Whilff mau} 
of thes(! qualities can be obtained by a suitable arrangement of the 
cinaiits and accessories by the laser, the finst e.ssential is to .secure a 
suitable type of oscillograph. good o.scillograph of the Duddell 
type is made by t he Canibridge and I’aul Scientitic Instrument Co. 
The (ieneral Electric Co. of .America have developed the iustrumeiif 
and added some important, features some of which arc ile.scribed 
below. 

General Electric Co.’s oscillograph. 

The oscillograph is of the Duddell type, the magnetic field being 
provided by electro-magnets. Three vibrating elements are pro¬ 
vided, each with its own magnetii^ circuits. With the elements 
connected to their resiicctive magnets, it is po.ssible lo work with 
2500 volts between them, although this is seldom hecessary,. 

The sensitivity of the elements with the standard strijr is nbout 
t)-05amp. per cm. deflection on the film, 'riic natural frequency 
is about 5000 and small graduated spring balances are provided to 
facilitate ready adjustment of the strip tension. A great advantage 
is the fji''ility with which an element may be rephn-ed a:nd. repaired 
in ."ase of accident. A spare element or vibrator can be inserted 

•The Huhjcct matter of tliia chapter has been supplied by Mr. G. (Jhurclierof tho 
KuM^areh IX'partinent of the MetfopolitAnA’ickers Electrical Co. Ltd. 
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in about 5 minutes and a ne\v.8trip.au(l mirror put in the dainaged 
element a* leisure. 

Photogr^hic films SJ" wide by 12|” Ipng arc u.scd. Aft amplitude 
of 4em.^an thus be conveniently obtained. Six .small melahlrum 
cameras are provided which fit into a slot 'in tlu' end of the box. 
These are connected to tlie driving arrangements by a small driving 
(log engaging in a slot. A .spec iai camera is also provided for u.se 
with extra long films. A very valuable feature is t h(‘ elc'cl ro-magiu'l ic 
shutter.which c.xposes thefilm for exactly one revolut ion of I he camera 
druiji. The shutter can be released by hand or eh'ctricalty. as'will 
be e.xplained later. The elemcnt.s. optical system, electro-magnetic 
.slintter and .synchronous motor with tracing desic ao' idl compactly 
arranged intauebox. 

t 

General arrangement of oscillograph for works use. 

In order that the o.scillogra])h slndl lx' very portable, it is littcd 
on a table with wheels, such as tliat shown in h'ig. ti.'fil. A top and 
sides are juovidc'd so that the whole apparatus can la* locked up. 
The lyick forms itconvcniient ])lace for t he fixing of switches, rheostats, 
efc. WIk'U it is reepnred to test, for instance, a large generator, the 
truck is wheeled to a convenient |)o.sition. t In' leads Irom the generator 
•and from a 125 volt D.C. snp|(ly (lor arc lamp and auxiliaries) are 
conne(*ted to terminals at the back ol the truck and the oscillograph 
is ready for usev 

On'thebackof the enclosur.. the inside are inounteil the lollow- 

ing acces.sorii's : Main switch for 125 volt sup|)ly. arc lamp amnu'liu' 
and rheostat. X short-circuiting switch is provided across a, 
s(;ction of the arc lain)) resistiince. so that the intensity ot 
the light can be incivased jnst before taking a |)hotogra|)hic record. 
A .sw'itch. ammeter and rheostat iire jirovided for the .synchronous 
motor which (fjierates an oscillating mirror used for visual obsiu vat ion. 
A switch, ammeter and rheostat are |irovid(‘d for the electro inagnet 
of the oscillograph. The sensitivity of the elements is. of course. 
dependcMit on the magnet current, and it avoids trouble to always 
work with the same current. Adjustment of the camera s|)eed. over 
a range of titltt it.f.M. (for 5(1 cycle work) down to 1 revolution in 
(i seconds, can be obtained by nieiins of the various |)ulley combina¬ 
tions, fine adjii.stment being obtained liy a rlifostat in the motoi 
armafure circuit. 

The coniu’ctions to the elements are arranged so (hat mie clement 
can be used for.voltagcs from about 15 to 70t). the six iaid lor yoltagi's 
from alKUit'*] to-15 and the third for the whole range, llto 7W 

volts. ' 

.The cMpistment of sen.sifivitv is obtained by means of four 
rtieostatS fixed under the table at the front. The resistance unik# 
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in the rheostats are so propoctioiml that a 20 per cent, increase in 
amplituA} per step is obtainable at miv part’d' the range, .so tliat a 
sufficiently^adual adjirstment can baol)tained over a’large range 
of voltage with a moderate mimber of steps. Tlie resistance of each 
step is known and tabulatal .so tliat tlie setting can be quickly made 
for a suitable amplitude at any voltage. If the (piantitv to be 
observed is periodic, the usual practice is to switch the element on 
with all re.sistance in circuit and turn the rheostat handle imind until 
sufficient amplitude is obtaiiu’d, as shown on the ground glass slidi' 
at the end of the oscillograph box. The u.se of rheostats*in plaJ c of 
the conventional plug boxes has many advantages. The slcpjiing is 
quite gradual and is easily adjusted, and theojieratorgels inlot he habit 
of roturniifg the rheo.stat handle back to the '• all in " position at 
the end of each test, thus cutting down the chances of damage to the 
elements*by accidental excess current at the next test. With plug 
boxes the plugs are liable to get lost, the contacts cannot be readily 
cleaned, and the operator, when i)rcoccu]iic(l with the details of the 
test, may easily put a plug in the wrong place .ind burn out the 
element. The Adjustment of the anqffitude with a plug box is neces¬ 
sarily tedious, as the o])erator miisl look alternately at the anqililude 
and the plug box to avoid accidents, whereas with a l■h('()stat he can 
’ keep his attention on the amplitude. When using rheo.stats. it is 
neccflJary to ensure that tlu' resistance units are sniliciently free from 
selt-induction,» In the rheostats shown in Kig. tttto. the reactance at 
1050 cycles is only 2 per cent, of the resi.stanee. thus having a negli¬ 
gible effect on the anqditude of the tweidy-lirst harnionii' and a. 
phase displacement of 11 degrees on that harmonic or half a degrees 
relatively to the fundamental. 

Current measurement^ are made ly connecting the low-voltage 
elements across non-inductive shunts, which eaii easily be made up 
by the user'aecording to his nspiirements. For high voltage A.C. 
mea.surements. shunt transformers are used. For large .\.(eurrenis, 
series transformers are used, the secondaries being chwed through 
suitable no7i-inductive shunts. With instrument traiisformius, the 
reproduction of wave form is .siilli<iently aecurate for practical 
purpo.ses, provided di.scrimination is used in selecting the trans¬ 
formers. 

'fhe oscillograph elements are calibrated ly means of a battery 
and volt-ammeter of .suitable range. 

Some typual testa. 

The recording of ordinary voltage and current wave-lorms uoes 
)jot iie^any detailed description. A description of some of the’less 
usual cunwnercial tests may, however, be of interest, 
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Short-circnit tests oa alternators. 

• 

The quantities usually recorclea m these tests are the'armature 
voltage, the armature shorl^circifit current and the flfeld-current. 
The connecjtions arc tnafle as shown in Fig. 331. 'Fhe alternator is 
short-circuited by an electrically closed oil switch, the operating 
swiLdi of which is placed on the o.scillograph truck. To measure 
the .short-circuit current, a bus-bar type series tran.sformer is threaded 
on over one of the leads from the alternator to the oil switch, the 
secojulary being clo.sed through a non-inductive shunt, from which 
are taken feads to the oscdllograph. A shunt f ransformer is connected 
as shown to obtain the armature voltage, and two leads are brought 
from a .shunt in the alternator field-circuit'to meijsur^' the fiMd- 



Km. X51.- ('onni'utitins lu tworh iillfinatur ami orti-lllowrapli for a sliort-ciu uit tus 

• 

current. An auxiliary contact on the oil switch, operated by an 
‘ adjustabh* cam. is arranged to operate the electro-magnetic shutter 
on the camera, the timing being arranged .so that the shutter opens 
jiKst before the main ('(mtacts clo.se. By this means, a few cycles of 
arAiature voltage wave an^ obtained before the machine is short- 
circuited, thus showing the instantaneous voltage at the moment of 
short-cireuit. In taking a test, the rheostats in .senes with the 
vibrating elements are set to suitable positiotis (obtained by calcula¬ 
tion from the anticipated .short-circuit current), and the alternator 
run up to speed and e.xcited. The film camera is then set nmning 
at a suitable speed and the arc lamp adjusted. 'I'hen when all.is 
reiidy, the operator has only to throw in the closing s^I’ifcji and the 
test is carried out automatically. * ’ • . 

It is usual, when the alternator is driven by a ]),C, driving motor 
for test. purpo.ses in place of the tiirbiue, to trip t he cireuit-breaEer iii 
til'' driving motor circuit iast before the oner.ator fhrou-s in rim r<lna;nrr 
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switch. Tha ftvoids makingHhe D.C. machiue? flash over due to an 
exceasivi rusn of current from the supply mains. The inertia of larm 
altematorsnis 39 great that the spwd has not time to fafl appreciably 
betweeif the cutting off of the driving power and the application of 
the short-circuit. The advantage of an aut&inatic arrangenvent such 
as that described compared with the usual hand-operated shutter is^ 
that it relieves the operator of all anxiety as to whether he will get 
a complete record of the test on the film, and thus he is enabled to use 
the length of film available to the best advantage. , 

•Field-forms on machines. On a D.C. inaihine having’a full-pitch 
winding, the field-form can be measured by taking tappings from 
twip adjacent commutator bars and bringing them to the oscillograph 
throngh slip-rings temporarily fixed on the armature shaft. If a 
third ring is provided and lapped on to another commufntor bar 
giving almut 100 volts with one of the otliers, an alternating voltage 
is obtained from which the oscillograjrh's synclironous motor can l>e 
run, and the field-form at dificrent loads and dillcrcnt excitations can 
be observed on the tracing desk, llitli a synchionous (umverter, 
a sivitable synchronous voltage can be ol)taincd from two of the 
A.C. rings. When using slip-rings, it is necessary to see that they 
run true, aijd it may l)e a(lvisai)!c to use several small brushes in 
’ parallel on each ring. 

Voltage ripples on D.C. machines. 

It is often necessarv to examine the ri])|>]es in the voltage of 


Armature of Machine 



battery Element 

Tm. 33‘/..-A*iTMgpment of |»t<.ntial and battery for ^naitnifyu^! the , 

*• aroplitutle of ripplM. ^ 

D.C. -taachines or the D.C. voltage of rotary converters. The ripples 
•are usuhll/ so small that they require considerable magmfication.to 

2 r. 
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enable the amplitude tp be meastued.’ The usual plan is ^ “ back 
out ” most of the D.C. voltage of the machine by means of a battery 
of approximately the same •voltage. « With low-voltage inachines 
this method is quite satisfactory, but with a 500 volt machine a 
portable 600 volt battery would be very cumbersome and not at 
all necessary. The test can be conveniently parried out with a 
i^volt jittery on a machine of any voltage by using a potential 
dividft sucfi as that shown in Fig. 332. The potential divider con¬ 
sists of a number of non-inductive resistance units mounts on a 
stand, and*can be seen on the right in Fig. 330. Tappings are ^o- 
vided so that about 2-6 amperes are obtained down the potential 
divider for a machine of any voltage. It is important that the self- 
inductions of the, potential divider and the oscillograph circuits shall 
be* negligibly staiall as compared with their resistances. 

. Let a be the amplitude in centimetres of the ripple on the curve 
above the mean deflection, A. Let s be the sensitivity of the oscillo¬ 
graph in volts per centimetre, V the mean voltage tapped off from the 
potential divider and e the battery voltage. 

When no battery is used 

.Is-F, 

and the ratio ^ may be very small. 

When the battery voltage is opposed to F, we have Af— V—e, 
and we may accordingly increase the value of s and make the height 
of a much greater. The magnification is then F/(F-e), that is to 
say, to get the true ratio of the ripple in the voltage to the mean 
voltage we must take the quotient 

a F 
A ■ V~e’ 

It adds a great deal to the power of the investigator in finding 
out the facts if he has at hand an oscillograph with which to 
project the wave-form of the currents and electromotive forces 
under observation. 



